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SUMMARY 
Steam cracking process is a major contributor to the industrial production of olefins. 
This pyrolysis process involves heating hydrocarbons to very high temperatures (800 °C – 
1000 °C) in the presence of diluting steam. At these high temperatures, radical reactions 
play an important role in the formation of a wide range of hydrocarbons.  One of the major 
by-products of the steam cracking process is formation of carbonaceous deposits (coke) on 
the wall of the reactor. The amount and type of coke formed depends on the operating 
conditions, nature of the feed, and nature of the reactor surface. Coke formation affects the 
production efficiency by increasing the pressure drop in the reactor, it reduces the reactor 
volume, increasing the temperature of the reactor tube by affecting heat transfer from the 
tube to the gas, leading to expensive shutdowns, etc. The aim of the study presented in this 
thesis is to develop catalysts that have the potential to minimize coke formation in steam 
crackers as well as help in the oxidation of these deposits at low temperatures.  
In the first study, a specialized thermo-gravimetric analyzer was used for generation 
of in-situ coke. The external surface area of support was determined to be an important 
factor in determining the coking rate. Deconvolution of Raman spectra gave an insight into 
the chemical structure of the coke samples. In-situ generated coke was found to be more 
amorphous compared to an industrial coke sample. This result was attributed to the fact 
that industrial coke was subjected to a few months of high temperature treatment during 
the continuous operation of the reactor. Thermally aging the coke generated in-situ in an 
inert atmosphere increased the graphitic nature of coke. This finding was supported by 
temperature programmed oxidation studies and Raman analysis. In-situ coke deposition 
 xviii 
was also observed to have improved coke-catalyst contact as compared to physical 
mixtures of coke and catalyst. In-situ generation of coke is more representative of the 
contacting conditions observed in industrial operations, than the tight contact method. 
Performance of α-alumina supported ceria catalysts with varying composition was 
investigated for coking resistance and oxidation of coke formed in-situ.  A larger amount 
of coke was deposited on bare α-alumina than on the ceria catalysts. This coking resistance 
was attributed to the redox property of ceria, allowing ceria to provide oxygen atoms for 
oxidation of coke precursors as soon as they are deposited on the ceria surface. Raman 
analysis on these in-situ coked catalysts revealed that more amorphous coke was formed 
on ceria-alumina catalysts as compared to bare α-alumina. The reaction rate constants for 
oxidation of coke were determined by fitting a first order rate equation to the mass loss 
data for isothermal experiments for data from 0 to 50% conversion. Ceria catalyzed 
oxidation was faster than un-catalyzed oxidation. In addition, ceria-alumina catalysts 
demonstrated faster kinetics than bulk ceria. At 350 ºC, the activity of the catalysts 
increased from 20 to 50 mol% Ce and then remained steady until 80 mol% Ce. TPR runs 
were used to measure the surface oxygen available at the temperature of oxidation for each 
of the catalysts. The activity of ceria-alumina oxides was related to the availability of these 
surface oxygen atoms. Higher surface oxygen availability increased the reaction rate. 
Ceria catalysts were further developed for steam gasification of carbon deposits. 
This involved doping the ceria lattice with transition metals (Mn, Co, Cu), alkali metal (Sr), 
and rare - earth metal (Gd). Among all the different catalysts, the material containing Gd 
was found to be the best for steam gasification studies and was able to reduce the 
gasification temperature by 65 °C. In addition to steam, Gd, and Mn doped ceria catalysts 
 xix 
also showed improved activity for oxidation. In the presence of steam – air mixtures, 
oxidation due to air dominated the process and Gd showed the best activity by reducing 
the gasification temperature by 125 °C. Catalytic gasification of coke also took place in 
hydrogen atmosphere with simultaneous reduction of the catalysts. The activity of the Gd 
doped catalyst could be related to the presence of oxygen vacancies, small crystallite size 
and the high dispersion of the dopant. For Mn doped ceria, the high activity in gasification 
and oxidation can be attributed to the presence of active species Mn3O4 and oxygen 
vacancies. The possible incorporation of Sr into the ceria lattice and the smaller crystallite 
size could be the reason the high activity of the Sr doped catalyst for coke gasification in 
steam. 
 Lastly, these developed catalytic materials were used in the form of coatings on a 
metallic substrate to evaluate the coking as well as decoking performance. α-Alumina was 
first coated on an Incoloy substrate followed by a ceria layer. Sol-gel method gave smaller 
particles of ceria and negligible flaking than the precursor method of preparation. These 
catalytic coatings not only reduced catalytic coking, by acting like a barrier between the 
gaseous hydrocarbons and the metallic species on the Incoloy substrate, but also reduced 
the coke oxidation temperature by ~ 160 °C. Negligible interaction existed between the 
ceria layer and the Incoloy substrate, which was reflected in the same activity of supported 
and unsupported ceria layers. α-Alumina was found to be essential for hindering the 
diffusion of Cr atoms into the ceria layer and maintain the activity of the ceria layer. Over 
a period of four coking and decoking cycles, ceria layer exhibited slight deterioration in 
the performance as shown by the increased oxidation temperature by 10 °C. 
 xx 
 The above studies will aid in the design of catalysts for low temperature gasification 
and oxidation of carbonaceous deposits, thus reducing the energy demand and efficiency 




CHAPTER 1. FORMATION AND OXIDATION/GASIFICATION 
OF CARBON 
This chapter is largely adapted from ‘Mahamulkar, S; Yin. K; Agrawal P. K.; Davis 
R.; Jones, C.W.; Malek A.; Shibata H. Formation and oxidation/gasification of 
carbonaceous deposits – a review. Ind. Eng. Chem. Res. 2016, 55 (37), 9760 – 9818’ and 
also with permission from Dr. Kehua Yin, co-author on the paper. 
1.1 Steam Cracking 
Carbonaceous deposits are produced during incomplete hydrocarbon combustion 
(soot in diesel engines),1,2 catalytic conversion of hydrocarbons (coke deposited on 
catalysts),3–6 and thermal decomposition of hydrocarbons (coke formed in steam 
crackers).7–9 These deposits cause numerous problems in chemical plants and diesel 
engines. To this end, significant research has been focused on the development of 
technologies that aid the oxidation of such deposits and/or limit the coke deposition. 
Two temperature ranges exist in which deposition of carbon commonly takes place 
namely: a low temperature regime – below 600 °C, and a high temperature regime: 800 °C 
– 1000 °C.  Soot formation in diesel engines and coke deposition on catalysts takes place 
at the lower temperatures.1 Coke formed during steam cracking reactions and soot formed 
in diffusion flames, however, occurs at very high temperatures.10  
Under ideal conditions, CO2 and H2O are the products of complete combustion of 
hydrocarbons in diesel engines. However, thermodynamic equilibrium is not achieved in 
engines due to the limited time available for combustion and the huge temperature variation 
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in the combustion chamber.2,11 Moreover, collisions among hydrocarbon fragments are 
common in fuel-rich atmospheres leading to the formation of soot.12 Health hazards of soot, 
like chronic respiratory disorders, make it important to minimize its emission by capturing 
it and subsequently oxidizing it.1,2 
Another major process contributing to carbon deposits is steam cracking, which is a 
widely used process for the industrial production of olefins. This pyrolysis process involves 
heating hydrocarbons to very high temperatures (800 °C – 1000 °C) in the presence of 
diluting steam.10,13,14 The cracking units are typically made of alloys containing Ni, Fe, Cr, 
that are capable of withstanding very high temperatures.14 The residence time for these 
reactions is around 0.5 – 1 s. At these high temperatures, radical reactions play an important 
role in the formation of a wide range of hydrocarbons. One of the major by-products of the 
steam cracking process is the formation of carbonaceous deposits (coke) on the walls of 
the reactor. The amount and type of coke formed depends on the operating conditions, 
nature of the feed, and nature of the reactor surface. Steam dilution of the feed has been 
observed to reduce coke formation.15 Coke formation increases pressure drop in the 
reactor,16 reduces the reactor volume, increases the temperature of the reactor tube by 
affecting heat transfer from tube to gas, leads to expensive shutdowns, causes carburization 
of steel, influences the flow in the reactor, decreases the production capacity.17,8,10 
Coke formed in the cracking reactor is typically combusted by passing a mixture of 
steam and air at very high temperatures through the reactor in regeneration mode. The plant 
typically requires a shutdown for decoking every 20-60 days, depending on the type of 
hydrocarbon feed used.18 These shutdowns are usually expensive and efforts are directed 
towards increasing the run length of steam crackers by minimizing coke deposition.  
 3 
1.2 Reaction Mechanisms of Carbon Deposition 
For scientific analysis of carbon oxidation studies, it is important to examine the 
mechanisms by which the carbon deposits are formed. As mentioned previously, deposition 
of carbonaceous compounds depends on numerous factors and hence can take place by a 
variety of pathways. Broadly, the mechanisms have been classified in this section based on 
the temperature range in which carbon deposition takes place. 
Steam cracking involves thermal decomposition of hydrocarbons at high 
temperatures (800 – 1000 °C) to yield valuable products like olefins. At these high 
temperatures, radical reactions play an important role in the formation of a wide range of 
hydrocarbons. The major reaction for cracking of ethane involves dehydrogenation as 
shown in Equation 1: 
                                     𝐻3𝐶 − 𝐶𝐻3 → 𝐻2𝐶 = 𝐶𝐻2 + 𝐻2                                   (1) 
Steam cracking reactions are highly endothermic and many of the elementary radical 
reactions have high activation energies. To reduce the production of undesired reactions 
such as formation of large hydrocarbons like poly-aromatics structure, the products are 
typically immediately cooled in a transfer line heat exchanger (TLE). The end product is a 
complex mixture of hydrocarbons. This mixture is separated by distillation and absorption 
processes to obtain valuable products like olefins. Paraffins from natural gas, as well as 
naphtha and gas oil from petroleum refineries, are the major feed-stocks for production of 
olefins. 
 4 
The major byproduct of steam cracking is deposition of coke on the reactor surfaces. 
Coke deposition in steam cracking reactions is a combination of the following mechanisms 
namely: radical reactions in the gas phase, droplet condensation and coke formed on 
metallic particles. These carbon forming mechanisms are described in detail in the 
following sections. 
1.2.1 Catalytic Coking Mechanism 
 
Figure 1.1 Catalytic coke formation schematic 
In a steam cracker, catalytic coke formation takes place in the presence of catalytic 
sites, which can be the metallic walls of the reactor, more likely at grain boundaries.10,19 
Since most industrial cracking units are made of alloys of Ni, Fe, and Cr, many types of 
metallic sites are present on the reactor surface. These sites can catalyze coke formation at 
temperatures as low as 500 °C.  Although the catalytic coking rate increases significantly 
with increasing reaction temperatures, the coking rate is also highly dependent on the 
reactor surface used. Due to the presence of metallic sites, coking rates are higher in 
reactors made of materials like stainless steels or Incoloy (superalloys made of iron-nickel-
chromium having good corrosion resistance and stability at high temperatures), compared 
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to more inert oxide materials such as quartz.8–10,20 Figure 1.119 shows a schematic of the 
catalytic coking process taking place on a reactor wall. Hydrocarbons adsorb on the 
metallic surface and form coke. This coke further dissolves and diffuses through the 
metallic particle. With time, carbon deposits at the end of the metal particle, raising the 
metal from the reactor surface. With time, additional carbon is deposited at the back end 
of the metal particle leading to formation of extended carbon filaments. Hence, the carbon 
formed by this mechanism is referred to as filamentous coke.  The presence of metallic tips 
on the filaments makes them grow faster than the structure less coke deposits described 
earlier. Carbon migration can take place on the surface of the metal in some cases, blocking 
the metal sites and preventing further growth of the filament. This reduces the rate of 
dehydrogenation of the hydrocarbons thereby reducing the rate of coke formation. This 
mechanism is most important after the decoking step when the reactor wall is clean, devoid 
of any coke exposing the metallic sites on the surface for reaction.21 
The ease of carbon deposition on a metal particle depends on the thermochemical 
stability of the bulk metal carbide phase.22 Kock et al. concluded that formation of a metal 
carbide phase is a prerequisite for the synthesis of filamentous carbon.23 Figure 1.2 shows 
the various ways in which carbon can be deposited on a Co catalyst during Fischer-Tropsch 
synthesis.24 In the rate limiting step, CO dissociates to form adsorbed atomic carbon (Cα), 
amorphous carbon (H-containing carbon) (Cβ), vermicular carbon (Cν), carbidic carbon 
(Cγ) and  graphitic carbon (Cc).
3 A few studies show a distinction between coke and carbon 
based on the source of formation. The product of the Boudouard reaction (Figure 1.2) is 
termed as carbon while that of reactions involving hydrocarbons is termed as coke.3 
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Figure 1.2 Coke formation pathways on a Co catalyst 
Similar mechanisms of coke formation are observed on Ni catalysts.25 The coke 
formed either blocks the catalytic sites on the surface or blocks the catalyst pore entrance, 
which can weaken the structure, causing its breakdown.4,25,26 Rostrup-Nielsen et al. 
claimed that concentration driven dissolution-precipitation was the most likely mechanism 
for the growth of carbon filaments. There is a difference between the solubilities of carbon 
in metal from the hydrocarbon side and from the carbon whisker side. Radical reactions in 
the gas phase lead to carbon deposition on the metal particles. This carbon dissolves into 
the metal and the presence of dislocations on the metal particle causes the precipitation of 
carbon, as shown in Figure 1.3 where C1 is the solubility of carbon in Ni with respect to 
CnHm and C2 with respect to graphite (Figure 1.3).
25 Earlier studies by Yang et al. have 
shown the importance of a temperature driven carbon diffusion mechanism.27 They 
demonstrated that methane and n-hexane, which have endothermic heats of decomposition, 
formed a layer of coke on the face of Ni exposed to hydrocarbon. However, benzene and 
toluene, whose decomposition is exothermic in nature, formed a layer of coke on the Ni 
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face that was not exposed to hydrocarbon. This suggested that carbon diffusion took place 
through a temperature-driven diffusion process. 
 
Figure 1.3 Carbon diffusion model 
1.2.2 Radical Coking Mechanism 
 
Figure 1.4 Radical mechanism for coke formation 
At very high temperatures in the steam cracker, radicals are formed in the gas phase 
producing pyrolytic coke, which deposits on the reactor surface.10,19 These endothermic 
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reactions require significant energy input to form the radical intermediates and hence take 
place only at high temperatures. Figure 1.4 shows a pathway for the formation of coke by 
the radical mechanism.19  Coke radicals in the gas phase react with the hydrogen present 
in unsaturated hydrocarbons. Decomposition of the aliphatic chain gives rise to new 
radicals. Further dehydrogenation of such molecules results in increase in the aromatic 
nature of the coke and also regeneration of radicals. Coke formed by this mechanism has 
very low hydrogen content because of the dehydrogenation of molecules during the coking 
reactions. The coke formed is typically very hard (graphitic) due to the cross-linking of 
aromatic molecules under the reaction conditions. 
The rate of coke formation is highest for acetylene and lowest for paraffins and 
follows the order: acetylene > olefins > aromatics > paraffins. 
1.2.3 Droplet Condensation Coke 
 
Figure 1.5 Droplet condensation mechanism 
 Aromatics with one or two rings act as coke precursors and condense by 
dehydrogenation to form tar-like particles after striking the reactor surface.28 This 
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condensation takes place downstream of the cracking reactor where the temperature is 
lower than that in the reactor furnace. A schematic of the droplet condensation mechanism 
is shown in Figure 1.5. At elevated temperatures, molecules undergo dehydrogenation, 
aided by radicals. This mechanism helps in further growth of the coke layer. Some 
molecules undergo hydrogen abstraction in the gas phase itself and are deposited on the 
reactor surface. The coke formed in the transfer line exchanger results from the 
condensation of polyaromatics.9 Since the mechanism involves condensation of aromatic 
molecules at lower temperature, the coking rate is independent of the chemical 
characteristics of the reactor surface.9 
 
Figure 1.6 Rate of coke formation and weight content on a metallic cylinder 
Figure 1.6 shows the rate of coke formation on a stainless steel surface as a function 
of time. The rate is initially high and decreases with time.18 Coke formation takes place 
both by catalytic and radical mechanism in the region where the coking rate changes with 
time. Deposition of coke on the metal surface decreases the rate of catalytic coke formation 
until all of the sites are blocked. At this point, the rate of coke formation becomes 
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approximately constant and only radical coke is formed. Hence, at any given point of time, 
both catalytic and radical coke deposits are found on the reactor surface. After 
understanding the mechanisms of coke formation, the next step towards developing new 
technologies for minimization of coke would be to know what currently exists in the market 
and how successful they have been. This topic is summarized in the next section.   
1.3 Inhibition of Coke Formation in Steam Cracking 
Various researchers have undertaken different novel routes to reduce the coke 
formed due to the catalytic mechanism. The main approach to reduce the coke formed by 
this method is to create a barrier between the metallic reactor surface and the gas phase in 
the reactor. For example, an aluminum coating was used to passivate the cracking reactor 
surface before the reaction began, which reduced the amount of catalytic coking.17,29 
Addition of magnesium to aluminum further reduced the coking rate. It was observed that 
the coke deposition reduced significantly due to these coatings, as the metal reactor surface 
sites were blocked. Zinc coatings were found to be effective in the oxidation of the coke 
formed on the reactor surface.17 Thermal spraying,29 plasma spraying,17 packed 
cementation17,29 and chemical vapor deposition (CVD) techniques were used for coating 
of ceramic powders on the cracking furnace.14 TiC and SiC coatings proved to be effective 
in reducing the rate of coke formation for n-hexane cracking.14  
A coating of sulfur or phosphorous on the cracking furnace was shown to passivate 
the reactor surface, leading to decreased coke formation. This involved formation of 
metallic sulfides or metal phosphorous complexes that coordinated with the metal sites and 
reduced their catalytic activity. Addition of SiO2/S to the S/P coating further enhanced the 
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coke reduction.30–32 Dimethyl disulfide and carbon disulfide are other sulfur compounds 
used as coke inhibitors.17 Annealing of the cracking furnace in the presence of a H2/H2O 
mixture was applied at higher temperatures to reduce the presence of metallic sites (Ni, Fe) 
and enrich the surface with chromia.33  
Westaim Surface Engineered Products Inc. developed a coating called CoatAlloyTM 
for use in ethylene pyrolysis furnaces. The coating consists of three layers: to prevent 
catalytic coking, gasify radical coke and stop carbon deposits from penetrating the metal 
surface to cause carburization. After one year of service, no carburization was observed on 
the surface of the coating.34 SK Corporation developed a coating called PY-Coat that serves 
similar purposes.35 The coating formulation is immediately injected into the hot furnace 
after the decoking step. The formulation vaporizes and deposits on the reactor inner surface 
and acts as a barrier. The basic components of the coating are Si, Cr, Al, Ti, and alkali and 
alkaline-earth. In a pilot plant set-up for ethane cracking at 65% conversion, the coating 
showed no pressure drop and temperature drop. The uncoated reactor showed a pressure 
drop of 27 psi and temperature difference of 26 °C higher than the start of the operation.    
Another furnace coil coating technology called catalyzed assisted manufacture of 
olefins (CAMOL) by BASF aims to have a coke-free environment in cracking furnaces.36–
38 This technology proposed to increase the run-length of the reactor and has been 
undergoing commercial trials since 2006. These coatings have the ability to be used in high 
temperature furnaces above 1130 °C, and they can potentially reduce the amount of steam 
required for dilution to keep coke formation to an optimum. The coatings act as a barrier 
between the metal sites from the reactor and the hydrocarbon gases and usually exist as an 
oxide layer < 10 µm in thickness. The coating also has a catalytic layer that can gasify the 
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coke formed on the surface of the coating. Around 1 – 2 furnace run-lengths have been 
achieved with this technology for lighter feedstocks and around 100 days for higher 
feedstocks. The coating was reported to have no impact on the product distribution and a 
positive impact on the yield of products, by mitigating the formation of filamentous and 
amorphous coke. Two types of coatings have been developed, including one for  low-level 
catalytic gasification for lighter feeds and another for high-level catalytic gasification 
coating for heavier feeds.  
The Alcroplex® diffusion coating from Alon Surface Technologies Inc., which is a 
surface modified HP material (heat resistant alloy made of iron-nickel-chromium), has 
been reported to reduce the coke formation rate up to 90% in the cracking of ethane.39 It is 
a technology that uses a CVD mechanism for creating a stable coating on the surface of the 
reactor. Commercially, it has performed well by reducing the carburization of the steel and 
also the surface-induced catalytic coking.  
NOVA Chemicals developed a technology called ANK 400 over the past 10 
years.40,41 They claim to have increased run lengths in the crackers around 10 fold with the 
help of an inert, nanocrystalline spinel coating that reduces both catalytic and radical coke. 
They also have various pretreatments that could be carried out on stainless steel reactors 
that can help passivate the reactor surface and reduce coke formation.42 
Schietekat et al. recently developed a coating called YieldUp based on a perovskite 
catalyst system for reducing coke formation during steam cracking.40 These coatings 
reduced the coke formed on Incoloy 800HT drastically by aiding the reaction of coke with 
steam. A reduction of 76% in the coke deposition on Incoloy was reported. Performance 
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of the coating in an industrial reactor was checked by a simulation of the reactor. It was 
estimated that a 525% increase in the run length could be achieved by application of the 
coating.  
In other work, an H2PtCl6 additive lowered the rate of coke formation during steam 
cracking of ethane or propane, both on a quartz and a stainless steel reactor.8 Quartz is inert 
in nature due to the absence of metallic sites on its surface. The coke formed on quartz 
surfaces is mainly gas phase coke. Stainless steel has presence of metallic sites which can 
catalyze coke formation. Both pyrolytic and catalytic coke species are formed on stainless 
steel surfaces. The addition of H2PtCl6 was able to reduce both pyrolytic and catalytic coke.  
The coatings of materials on cracking furnaces develop cracks after prolonged use at 
higher operating temperatures. These cracks might then serve as the sites for catalytic coke 
formation. Thus, efforts are underway to increase the stability of the coatings used to 
passivate the surface, thus further increasing run lengths of the steam crackers. Catalytic 
coke is easier to minimize by using the existing coating technologies to act as a barrier 
between the gas and the metallic species. The real challenge lies in minimizing the radical 
coke deposits that are much harder to oxidize than the catalytic coke species. Hence, this 
work will involve working with radical coke deposits alone. 
A critical step towards development of new technologies for minimization of coke 
deposits and/or aiding their oxidation involves choosing the right catalyst, which needs a 
basic understanding of the mechanism of oxidation of the carbon as well as the kinetics in 
the presence and absence of a catalyst. This knowledge can help in choosing the best 
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catalyst for further investigations. The next section tries to provide a comprehensive 
overview of the different catalysts used for similar applications.  
1.4 Kinetics and Mechanism of Carbon Oxidation 
1.4.1 Non-catalytic Radical Carbon Oxidation 
To study the catalytic activity of materials in the oxidation of carbon, it is important 
to understand the kinetics and nature of the non-catalytic carbon oxidation as well. 
Screening of catalysts can be done by comparing oxidation rates in the presence and 
absence of catalyst. Catalysts with the highest difference in oxidation temperature 
compared with the non-catalytic oxidation and/or activation energy for carbon oxidation 
are identified as those with the highest activity. This section discusses the oxidative 
behavior of carbon deposits formed by radical reactions in the absence of any catalyst. A 
large extent of carbon oxidation literature involves use of diesel soot as the source of 
carbon. Soot is also formed by radical reactions in the diesel engines and hence an excellent 
example for reference. 
Higgins et al. studied the in-situ oxidation of diesel and flame soot in the presence 
of air.43 They concluded that the overall kinetics of oxidation of these two types of soot 
were not very different, which is also supported by data obtained by Neeft et al.44 The 
oxidation rate of flame soot and diesel soot were the same at a temperature of 760 °C, 
below which the rate of oxidation of diesel soot was observed to be higher than for flame 
soot. This was related to the presence of catalytically active metal particles observed in 
soot particles originating from diesel fuel or lubricating oil. Mechanistically, both the soot 
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samples are formed by a radical mechanism, the difference being the temperature at which 
they are formed.   
The reaction order in molecular oxygen of flame soot oxidation was found to be 
one and slightly less than one for diesel soot oxidation.44 The reaction order in carbon for 
flame soot was observed to be 0.7 according to the power law model. The authors reported 
that the reaction order depended on the carbon conversion; however, no correlation was 
determined. The activation energy for flame soot oxidation was determined to be 164 kJ 
mol-1. Dernaika et al.
45 found the peak oxidation temperature of diesel soot to be 565 °C 
with an activation energy of 164 kJ mol-1 similar to that of flame soot. 
López-Suárez et al. showed that the non-catalytic oxidation of soot yielded mainly 
CO, indicating incomplete oxidation of the carbon.46 The selectivity towards CO2 did not 
change when NOx/O2 was used instead of air for oxidation. However, the onset temperature 
for the non-catalytic soot oxidation decreased in presence of NOx/O2.
.  
For surface reactions between oxygen and carbon, a shrinking core model has been 





= 𝜔𝐴 (2) 
 𝜔 =  
𝜌
𝑡
 (𝑟0 − 𝑟𝑡) (3) 
where A is the external surface area of the particle, ω is the rate of mass loss (g/s-cm2), m 
is the mass burned in time t, r0 is the diameter of the particle at time zero and rt is the 
diameter at time t. The density of most carbons is between 1.8 and 2.0 g/cm3.47 In this 
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model, the rate of combustion is proportional to the surface area of the carbon.48 The total 
surface area of a particle shrinks slower than the volume leading to an increase in specific 
surface area. The reaction order with respect to carbon for this model is 0.67.49,50 Burning 
of carbon follows a shrinking core model at high temperatures (> 800 °C), whereas at low 
temperatures the oxidation differs according to the reactivity of the carbon species. Darcy 
et al. found a reaction order of 0.5 under 5  - 20% O2 between 500 °C – 560 °C in the 
conversion range of 15 – 90%, and claimed it to be close to the value of the shrinking core 
model.51 
According to a few researchers, OH radicals instead of molecular oxygen, are 
responsible for soot oxidation. Fenimore et al. found that the oxidation rate of flame soot 
was independent of the partial pressure of oxygen.52 They claimed that the oxidation of 
soot involved OH radicals rather than molecular oxygen. Neoh et al. published a similar 
result and proposed that oxidation by OH radicals was of primary importance and by O2 
was of secondary importance.53 The size of the soot particles was measured using light 
scattering methods. The authors claimed that neglecting oxidation of soot under fuel-rich 
flame conditions underestimated the oxidation behavior. Puri et al. used laser induced 
fluorescence to measure the concentration of OH radicals during soot oxidation54 and the 
concentration reduced significantly in the presence of soot particles. Evidently, a higher 
concentration of soot led to an increased collision efficiency for OH. radicals. CO is more 
reactive than soot; however, the presence of large concentration of soot suppresses CO 
oxidation. In laminar flames, oxygen diffusion allows for oxidation of soot particles, CO 
or hydrogen. Feugier studied a fuel-rich flame system and calculated the activation energy 




Fragmentation of soot particles is another mechanism by which oxidation can take 
place in addition to surface reactions with OH or O2. In this mechanism, the oxidizing 
species can penetrate the soot particles causing a breakdown of big particles into smaller 
ones. Neoh et al. showed that in lean flames, after a burnout of 80% of the soot, the 
breakdown of the soot particles takes place.56  This phenomenon has been attributed to the 
internal burning of particles by O2. This breakdown is absent in rich flames where the major 
oxidant is OH radicals. OH is more reactive than O2 and causes less internal burning. 
Fragmentation of particles can take place in two ways; breakdown of aggregates or of a 
single particle.57 In the case of aggregates, the fragmentation occurs at the contact points 
of the primary particles. For single particles, the fragmentation depends on the internal 
structure of the particle. The rate of fragmentation can be related to the oxidation rate, as 
oxygen causes the fragmentation. This model was used to accurately predict the burnout of 
particles in non-premixed flames.57   
In our recent review paper, the activation energies and reaction orders with respect 
to oxygen and carbon during the oxidation of various types of carbon materials are listed. 
The activation energy values vary in the range 130 – 170 kJ mol-1. The reaction order in 
oxygen for low temperature oxidation of soot has been widely accepted to be nearly one.44 
However, some researchers do report a lower value of the reaction order in oxygen.50 The 
reaction order in carbon has scattered values in literature due to the different sources of 




1.4.2 Catalytic Oxidation of Radical Carbon 
Although there is an abundance of literature on catalyzed carbon oxidation, most 
research reports qualitative observations rather than quantitative ones. Majority of the 
results are obtained from temperature programmed oxidation reactions, in which specific 
temperatures of oxidation are reported and compared. The most common characteristic 
temperatures used are T50 (temperature at which 50% of the carbon is oxidized) and Tmax 
(peak temperature of the temperature programmed oxidation (TPO) curve). The wide 
variety of reaction conditions, including variations of carbon type, catalyst to carbon mass 
ratio, heating rate, and oxygen concentration, make comparing catalyst performance 
difficult. The oxidation temperature of non-catalytic carbon oxidation is often reported to 
be different in the literature even when the same carbon and similar reaction conditions are 
applied. The non-catalytic oxidation temperature, T50, in different reports varies between 
586 °C and 651 °C. Therefore, one may surmise that the relative decrease of the oxidation 
temperature of the catalyzed reaction compared with the non-catalytic reaction may better 
represent catalyst activities than the absolute catalyzed carbon oxidation temperature. In 
our recent review paper,58 the type of temperature is reported along with its decrease as 
compared to the non-catalytic oxidation.  
Despite the relatively few efforts reported in the literature to obtain quantitative 
reaction rates from isothermal reactions, one can calculate reaction rates from TPO results 
reported in the literature when enough information is provided. The recent review also 
includes reaction rates based on the total surface area of the catalysts, which may be used 
for simple reaction modeling. The comparison of reaction rates is complex for catalyzed 
carbon oxidation reactions. The most important parameter to use as a reference for 
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quantitative comparisons is likely the non-catalytic reaction temperature. A small shift in 
the TPO curves can cause a large change in the calculated reaction rates. Ideally, these 
changes are associated with variations in use of a well-characterized catalyst, and not other 
factors.  
1.4.2.1 Cerium Oxide Based Catalysts 
Cerium based oxides are used in the three-way catalytic converter for elimination 
of CO, hydrocarbons and NOx in engine exhaust gas due to their excellent oxygen storage 
capacity.59 These oxides have also gained much attention for diesel soot oxidation.   
Early studies used cerium salts as fuel additives in diesel engines. Cerium oxides 
were formed in the combustion process and entered the soot particles, which significantly 
lowered the ignition temperature of the soot and increased the oxidation rates by 20 
fold.60,61 However, the exhaust of cerium nanoparticles poses potential environmental, 
health and ecological effects, which need to be taken into consideration, disfavoring use of 
these species as fuel additives.62 
Bueno-López et al. studied the CeO2 catalyzed soot oxidation reaction with labelled 
oxygen in an advanced temporal analysis of products (TAP) reactor.63 They found that the 
oxygen from CeO2 reacted with soot, and the direct reaction of the gas-phase oxygen with 
soot did not occur under the conditions used. They defined such oxygen as “active oxygen”, 
which was induced from the chemisorption of gas-phase dioxygen on CeO2. Such “active 
oxygen” may be oxygen superoxide ions (O2
-), which were detected by ESR64 and FTIR 
experiments.65,66 
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However, these measurements were not performed under in-situ soot oxidation 
reactions. Density functional theory (DFT) calculations have also confirmed the formation 
of superoxide and peroxide ions on ceria-based catalysts.67,68 Machida et al. concluded that 
active oxygen could be formed by either the lattice oxygen at the CeO2/soot interface or 
gas-phase oxygen adsorbed at the boundary of soot + reduced CeO2 + the gas phase, with 
the former being much more important.64 The active oxygen was not only localized at the 
CeO2/soot interface, but also transferred to the soot surface by spillover through surface 
diffusion.69 However, the distance of spillover for active oxygen species was still not clear. 
The active oxygen species then reacted with soot to form surface oxygen species, followed 
by their decomposition to form CO and CO2. Figure 1.7 shows a scheme of the proposed 
active oxygen mechanism for CeO2 catalyzed carbon oxidation. 
 
Figure 1.7 Scheme of active oxygen mechanism for CeO2 catalyzed carbon oxidation 
Shape-dependent activity of ceria has been observed in soot oxidation.70,71Aneggi 
et al. synthesized ceria nanocubes displaying (100) surfaces, ceria nanorods with a mixture 
of (100), (110) and (111) surfaces exposed, and conventional polycrystalline ceria with the 
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majority of the surface displaying (111) faces. The nanoshaped ceria showed higher soot 
oxidation activity than the polycrystalline ceria. The authors concluded that the activity 
order of the surface was: (100) > (110) > (111).71 Such surface sensitivity may be caused 
by the different stability of active oxygen species on each face. Keating et al. concluded 
that peroxide defects on the (100) and (110) surface were more stable than oxygen 
vacancies under an oxidizing environment through DFT+U calculations.68 Surface 
transformations can occur through high temperature calcination.70,66 Aneggi et al. found 
that more reactive (100) and (110) surfaces were exposed while less reactive (111) surfaces 
decreased after thermal aging.70 However, due to a decrease of the surface area, the overall 
activity of CeO2 decreased, although the specific rate increased. Shen et al. prepared CeO2 
with a modified precipitation method, in which the metal salt solution was treated by HNO3 
solution.72 The resulting CeO2 showed higher soot oxidation activity and became even 
more active after thermal aging, which can be related to the preferential exposure of more 
reactive (100) planes. Such surface sensitivity may also depend on the reaction conditions 
employed. Piumetti et al. compared a set of ceria-based catalysts with different textural 
properties (ceria nanocubes, ceria nanorods, ceria nanocubes/ZSM-5, mesoporous ceria, 
and a comparative mesoporous ceria prepared by solution combustion synthesis).73 The 
ceria nanocubes showed the highest total soot oxidation activity, while the high-surface-
area ceria catalysts had lower onset oxidation temperatures. Thus, they concluded that the 
soot oxidation reaction over ceria catalysts was surface-sensitive at high temperature, but 
was surface-insensitive at low temperature.  
The reaction rates for soot oxidation over different cerium oxides are summarized 
in our recent review paper.58 There are several things one can learn from the collected 
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results. First, the reaction rates under isothermal conditions are very close to the rates 
calculated from the TPO experiments, which are always within 3 fold of each other. This 
demonstrates that the methods used to calculate rates from TPO curves are reasonable and 
should be able to give a good estimate of reaction rates. Second, most of the cerium oxide 
catalysts decreased the T50 by about 200 °C relative to non-catalytic oxidation, which 
confirms their high activity for soot oxidation. Third, the order of catalyst activity based 
on the reaction rates may be different from that based on the changes in T50. Fourth, both 
of the nanocube and nanorod cerium oxides showed higher activity than conventional 
cerium oxides, while their relative activity order depended on their surface area. 
Although ceria is active for the soot oxidation reaction, it suffers from sintering 
under high temperatures and thus a loss of activity. Therefore, modification of ceria with 
other metal ions has been explored to improve its thermal stability, enhance the reducibility 
of Ce4+/Ce3+ and improve the bulk oxygen mobility.  These elements include La,74–76 Zr,77–
80 Hf,79 Co,81 Mn,82 Pr,83,84 Sm,83 Tb,83 Nd,85 Fe,86 Gd,87 and Lu.88 Among those parameters, 
surface reducibility is thought to be the most important. Mixed oxides can be prepared by 
various methods: coprecipitation,80 sol-gel,89–91 thermal decomposition of mixed salts,77 
solid combustion,92 formation of inverse micromulsion,92 and with poly(methyl 
methacrylate) (PMMA) colloidal crystal templates.93 The carbon oxidation reaction 
mechanism of carbon oxidation is thought to remain the same after the doping of rare-earth 
metals, while the reaction mechanism may change after modifications with alkali metals, 
transition metals and noble metals. These mechanisms are discussed in a recent review by 
Liu et al.94  
 23 
It is well established that the doping of cerium oxide with Zr4+ leads to the 
formation of solid solutions, which increases the thermal stability, reducibility and 
enhances the oxygen storage capacity of the oxide.95 Aneggi et al. investigated the roles of 
lattice/surface oxygen in cerium-zirconium oxide catalysts for soot oxidation. They found 
that there was an inverse correlation of total available surface oxygen and T50. Furthermore, 
the oxygen storage capacity was only important in the absence of gaseous oxygen.80 
Hurtado et al. found that the cerium zirconium mixed oxides prepared from 
(NH4)2Ce(NO3)6 showed higher activity than those made from Ce(NO3)6·6H2O.
96 The 
cubic structure of the cerium zirconium mixed oxides gradually turned into a tetragonal 
structure with an increased amount of zirconium. The ceria-rich mixed oxides showed 
higher catalytic activity than the corresponding zirconium-rich mixed oxides. The optimal 
molar fraction of Ce in the mixed oxides was between 0.7 and 0.8.80,97,96 The morphology 
of cerium zirconium mixed oxides was found to affect the soot oxidation activity.98 
Hierarchically porous cerium zirconium mixed oxides were synthesized with a biotemplate 
method: pine sawdust was impregnated with a solution of cerium and zirconium nitrates 
and the dried sample was calcined at 600 °C to give a mixed oxide with predictable 
porosity. The resulting mixed oxides showed higher soot oxidation activity than the 
corresponding ones made from a co-precipitation method, which was attributed to higher 
amount of mobile lattice oxygen, as characterized by the lower temperature peak in H2-
TPR and the higher oxygen storage capacity. 
La-doped CeO2 showed higher soot oxidation activity than CeO2 (ΔT50 = 25 °C) 
under tight contact conditions, with the best catalyst having 5 wt% La (ΔT50 = 200 °C). The 
promotion effect was related to the increase of surface area and the enhancement of the 
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sample’s redox properties.76,99 However, it is difficult for catalysts with low surface area 
to saturate the carbon. This was likely the case in this study due to the low catalyst surface 
area of CeO2, (~2 m
2 g-1), therefore the dramatic increase in activity after doping of La may 
be related to both physical and chemical changes in the catalyst. The lanthanum on the 
surface of CeO2 could also improve the soot oxidation activity by introduction of a 
carbonate pathway.100 Katta et al. compared Zr and La doped ceria solid solutions for soot 
oxidation and found that La doped ceria solid solutions (Ce/La = 2/1, ΔT50 = 165 °C) gave 
much higher activity than the Zr doped ceria solid solutions (Ce/Zr = 1, ΔT50 = 110 °C) and 
undoped ceria (ΔT50 = 30 °C). More oxygen vacancies and lattice defects existed in the La 
doped solid solution, which were detected by Raman and XPS experiments. The authors 
claimed that the introduction of La provoked the formation of active oxygen on the 
surface.101 Similarly, Hf doping (ΔT50 = 177 °C) was also more effective than Zr doping 
(ΔT50 = 64 °C).
79 Such effects are due to the aliovalency of La and Hf, which leads to more 
oxygen vacancies.  
Krishna et al. studied four rare-earth (10 wt% La, Pr, Sm, Y) modified ceria 
catalysts for soot oxidation.74 There was an increase in activity for La (ΔT50 = 160 °C), Pr
 
(ΔT50 = 140 °C) and Sm
 (ΔT50 = 100 °C) doped mixed oxides while there were no effects 
derived from Y doping (ΔT50 = 50 °C) compared with undoped cerium oxide (ΔT50 = 50 
K) under tight contact conditions. They claimed that the increased activity was due to the 
increased meso/micro pore volume and the stabilization of the external surface area. The 
role of the catalyst was to enhance the “active oxygen” transfer to the carbon surface, but 
not to change the rate-determining step, which was suggested to be the chemisorption of 
the spillover oxygen on the carbon active sites to form the surface oxygen species (SOC). 
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A Mn-doped ceria solid solution improved the soot oxidation activity under both 
tight and loose contact conditions, which was attributed to increased oxygen vacancies and 
improved oxygen chemisorption.91 Ce0.9Mn0.1O2 had a Tmax of 365 °C and 500 °C for tight 
and loose contact conditions, respectively, while CeO2 had a Tmax of 390 °C and 555 °C, 
respectively. Highly dispersed MnOx species were formed when the Mn molar percentage 
was 25%. Mn2+ and Mn3+ were the two Mn species existing in the solid solution. Shan et 
al. observed that the solution pH during precipitation of MnOx-CeO2 affected the materials’ 
soot oxidation activity.82 The best catalyst was prepared at pH = 4. The high soot oxidation 
activity was attributed to the ability to activate oxygen over the MnOx-CeO2. The addition 
of Ba to the MnOx-CeO2 mixed oxides increased the hydrothermal stability, which was due 
to the formation of BaMnO3 perovskite nanoparticles at the surface.
102 Escribano et al. 
studied a Ce0.75Zr0.25O2 supported Mn catalyst for soot oxidation.
103 The manganese species 
on the surface were a highly dispersed monolayer of α-Mn2O3 and carboxylic ions were 
identified as intermediate species during catalysis by FTIR spectroscopy. 
Cobalt was not effective in forming a solid solution with ceria, but the Co3O4-CeO2 
mixed oxides showed higher soot activity than the individual oxides (CeO2: ΔT50 = 216 °C, 
Co2O3: ΔT50 = 220 °C).
104 The best catalyst composition was Co0.93Ce0.07O2 (ΔT50 = 271 
°C). Zou et al. detected the active oxygen species (superoxide and peroxide) and carbon-
oxygen intermediates (carbonyl and formate species) with in situ Raman spectroscopy 
during Co3O4-CeO2 catalyzed soot oxidation reactions. Harrison et al. prepared ceria-
supported cobalt oxide catalysts by co-precipitation of an aqueous solution of Co2+ and 
Ce3+, and impregnation of a ceria gel with cobalt (II) nitrate or cobalt (II) acetate 
precursors. The cobalt species in the catalysts were found to be Co3O4. The material 
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prepared by impregnation showed the highest soot oxidation activity, which could be 
related to its smallest Co3O4 particle size. The authors concluded that the reduction of 
cobalt associated with the oxygen spillover on CeO2 was the reason for the high activity 
observed.105 
Cu-doped ceria did not form a solid solution, but the copper oxide was highly 
dispersed on the ceria surface. The strong interaction between dispersed copper oxide and 
CeO2 may enhance the rapid release of the lattice oxygen of ceria, leading to higher soot 
oxidation activity.91,106 As noted above, the morphology of ceria can affect the soot 
oxidation activity. Nakagawa et al. synthesized rod and ellipsoid shaped ceria with the 
assistance of amine surfactants as templates and used the resulting materials as supports 
for copper.107 The observed better soot oxidation activity than the conventional ceria 
supported Cu catalysts was attributed to the enhanced surface reducibility and the improved 
soot contact on the shaped catalysts. Reddy et al. also found that copper could promote the 
soot oxidation activity of CoO/CeO2-ZrO2 and NiO/CeO2-ZrO2 catalysts.
108 Rao et al. 
studied soot oxidation catalysts with copper supported on three ceria-based mixed oxides, 
CeO2-Al2O3, CeO2-ZrO2, and CeO2-SiO2.
109 Various copper species were formed on the 
surface, such as highly dispersed CuO nanoparticles, isolated Cu2+ ions, and large particles 
CuO. The soot oxidation activity followed the order CuO/ CeO2-ZrO2 (T50 = 338 °C) > 
CuO/ CeO2-Al2O3 (T50 = 386 °C) > CuO/ CeO2-SiO2 (T50 = 409 °C). The generation of 
oxygen vacancies with higher incorporation of Cu into the cerium zirconium mixed oxide 
was responsible for the high activity of such samples. Muroyama studied the effects of 
different metal dopants in ceria for soot oxidation reaction.110 The addition of rare-earth 
metals (La, Nd) enhanced the activity slightly, while the addition of transition metals (Mn, 
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Fe, Cu) significantly increased the activity. The best catalyst was associated with Cu 
doping (ΔTmax = 295 °C) and was attributed to the large amount of surface active oxygen 
species. Cousin et al. found that a Cu-V/CeO2 (ΔTmax = 199-224 °C, SCO2= 94.8-99.4 %) 
catalyst showed both enhanced soot oxidation activity and CO2 selectivity compared with 
V/CeO2 (ΔTmax = 181 °C, SCO2= 87.4 %).
111 
The wide applicability, as mentioned above, and the low cost of cerium oxide was 
the reason for choosing it as the base catalyst in our studies. As mentioned earlier, the steam 
cracker operates at very high temperatures and catalyst stability in this range is quite 
critical. Deciding the support for the ceria materials hence was an important step towards 
developing the catalysts. This issue is discussed in a later section. 
1.4.2.2 Oxygen Storage Capacity (OSC)  
The total oxygen storage capacity is defined as the oxygen stored under 
thermodynamic control. It is typically measured by carrying out temperature programmed 
reduction (TPR) or by reducing the sample at a fixed temperature and then reoxidizing 
it.112,113 Thermo-gravimetric analysis has also been used to measure the total OSC by 
measuring the weight loss of the sample under a reducing atmosphere such as a dilute 
hydrogen stream.80 The observed weight loss can be attributed to the loss of oxygen, which 
combines with hydrogen to form water. Reddy et al. and Katta et al. used a TGA to 
calculate the OSC under cyclic heat treatments in flowing nitrogen and dry air.101,114 They 
found out that the OSC of mixed oxides was higher than that of pure ceria. Ceria-zirconia 
mixed oxides showed the highest OSC. These experiments may not correlate directly with 
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catalytic activity under working conditions. Hence, the idea of measuring OSC under 
transient conditions emerged.115 
Katta et al. showed that ceria-lanthana mixed oxides act as better catalysts for soot 
oxidation  compared to ceria-zirconia oxides, owing to the their higher oxygen storage 
capacity.101 Aneggi et al. observed a correlation between the T50 in inert atmosphere and 
the OSC for ceria-zirconia materials, as shown in Figure 1.8.80 However, in the presence 
of oxygen as the oxidizing gas, no correlation was found between OSC and catalytic 
activity. 
 
Figure 1.8 Relation between OSC and catalytic activity in an inert atmosphere at 
400 °C 
1.4.2.3 α-Alumina as the Support for Ceria Catalysts  
Overall, a support material should be inert, stable under operating conditions and 
cheap. γ-alumina has been used widely as a catalyst support due to its low cost, robustness 
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at low temperatures and good textural properties of high surface area, pore volume. 
However, γ-alumina has acidic properties which makes it unsuitable as a coke inhibitor. 
Alumina exists in various transition states. The order of transition is as follows:  
γ-Al2O3  δ-Al2O3  θ-Al2O3 – α-Al2O3 
The transition temperatures depend on the aluminum precursor used for synthesis 
of alumina. α-alumina is the thermodynamically stable phase of alumina. Hence, it can be 
used at high temperatures. It has very low surface area but a high corrosion resistance. 
Industrial steam cracking takes place at high temperatures and the reaction continues for 
months together. Hence, a catalyst that is stable at these operating conditions should be 
chosen for this application. α-alumina is a good candidate for catalyst support. This project 
will involve use of ceria-alumina catalysts for oxidation of the coke formed during the 
cracking reaction 
1.4.2.4 Non-ceria Based Catalysts 
Alkali metals have been shown to be active catalysts for soot/carbon oxidation 
reactions. The observed activity order was Cs > K > Na >> Li under tight contact and full 
contact conditions.116,117,118 BaO showed similar activity as the alkali metal oxides and the 
activity order of alkaline-earth metal oxides was Ba >> Ca > Mg under full contact 
conditions. However, alkaline-earth metal oxides were not active under loose contact 
conditions because of their poor mobility.119 
Mul et al. screened metal chlorides and oxychlorides for soot oxidation.120 Most of 
the studied chlorides and oxychlorides were not converted to oxides at the reaction 
temperature for soot oxidation. They observed a correlation between the melting points and 
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the catalytic soot oxidation activity. They found that PdCl2, CuCl2 and CuCl were very 
active catalysts, lowering the oxidation temperature by 200~275 °C, which was due to their 
low melting points and thus the wetting of soot by the catalyst. The DRIFT’s results 
showed that surface oxygen complexes were formed and that active oxygen species were 
transferred from the catalyst to the soot surface. 
Hleis et al. compared the promotion effects of different alkali metals (M/Zr=0.14, 
M=Li, Na, K, Rb, Cs) over a ZrO2 catalyst during carbon oxidation and the order was Cs 
(ΔTmax = 242 °C) > Rb (ΔTmax = 215 °C) > K (ΔTmax = 208 °C) > Na (ΔTmax = 187 °C) > 
Li (ΔTmax = 116 °C).
121 Doggali et al. synthesized mesoporous ZrO2 by using chitosan as a 
template and used it as a support for a set of transition metals (10 mol% Fe, Co, Ni, Cu and 
Mn).122 Co/ZrO2 (ΔT50 = 118 °C) was the most active soot oxidation catalyst while Ni/ZrO2 
(ΔT50 = 37 °C) showed little catalytic activity. An alumina supported Co-K-Mo catalyst 
lowered the soot oxidation temperature by 190 °C under loose contact conditions, 
exhibiting higher activity than the individual components supported on alumina.123 
Perovskites have a general formula ABO3, where A and B represent two cations. 
The A cation can be a lanthanide, alkaline, or alkaline-earth cation while the B cation can 
be a 3d, 4d or 5d transition metal. The combination of A and B cations and also the partial 
substitution of A or B cations enables the tuning of the physical and chemical properties of 
the perovskites, which makes them widely studied in heterogeneous catalysis.124 The 
application of perovskites in carbon oxidation has received much attention over the past 
ten years or so. 
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Fino et al. compared the soot oxidation activity of different lanthanum containing 
perovskite catalysts and they found that the activity followed: LaCrO3 (ΔTmax = 142 °C) > 
LaFeO3 (ΔTmax = 126 °C) ≈ LaMnO3 (ΔTmax = 126 °C).
125 The highest activity associated 
with the chromite catalyst was attributed to the high concentration of suprafacial (weakly 
chemisorbed) oxygen species from temperature programmed desorption (TPD) 
experiments, which transferred from the catalyst to the soot by spillover. Such oxygen 
species were defined as α-type oxygen with a desorption temperature in the range of 300 
°C – 600 °C. Wang et al. found using in situ Raman spectroscopy that the active oxygen 
species on a LaMnO3 perovskite catalyst were O2
2-, O2
n- (1 < n < 2) and O2
m- (0 < m < 
1).126 Ifrah et al. observed that thermal treatment of LaCrO3 perovskites (ΔTmax = 162 °C) 
could lead to the formation of La2CrO6 or La2O3 phases.
127 The measured order of activity 
for soot combustion was: LaCrO3 (ΔTmax = 162 °C) ≈ 94% LaCrO3-6% La2O3 (ΔTmax = 
162 °C) > La2CrO6 (ΔTmax = 156 °C) > 86% LaCrO3-14% La2CrO6 (ΔTmax = 140 °C) > 
La2O3 (ΔTmax = 160 °C, not all of the carbon was reacted). They concluded that both the 
mobility of the surface oxygen species and the presence of active Cr species (Cr3+ and Cr6+) 
were important for the soot oxidation activity. Xiao et al. compared the soot oxidation 
activity of bulk, supported and macroporous perovskite LaFeO3 catalysts under loose 
contact conditions and found that the highest activity on macroporous LaFeO3 was related 
to its better contact with soot, rich active oxygen species and better surface reducibility.128 
1.4.2.5 Carbon-Catalyst Contact Conditions 
Due to the nature of the solid-solid-gas reactions that occur for catalyzed carbon 
oxidation with an oxidizing gas, the contact between the carbon and the catalyst is very 
important. During the early studies of diesel soot oxidation, Neeft et al. defined two types 
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of contact between carbon and catalyst – tight contact and loose contact.129 The loose 
contact mixture was obtained by mixing with a spatula while the tight contact mixture was 
achieved by mixing the catalyst and carbon in a mechanical mill for an extended time. A 
loose contact mixture can also be obtained through other methods: filtration with a soot 
aerosol, shaking in a sample bottle, and dipping in a soot dispersion.130 The catalysts that 
are in tight contact with carbon have higher oxidation activity than those in loose contact 
conditions.116 In fact, the activity ranking of an array of catalysts may be different under 
tight contact and loose contact conditions. Shimokawa et al. compared the carbon oxidation 
activity over TiO2 and CeO2 supported Ag and K catalysts.
131 Supported Ag catalysts were 
more active under tight contact conditions and supported K catalysts were more active 
under loose contact conditions. Thus, the carbon oxidation activity of different catalysts 
should be compared under the same contact conditions. The contact of soot with diesel 
particulate filters under practical conditions resembles loose contact conditions.132,130 
However, to achieve reproducible results and compare the carbon oxidation activity of 
different catalysts, the experiments should be performed with samples under tight contact 
conditions. Therefore, most researchers have used tight contact samples for the evaluation 
of catalysts.  
Clearly, to improve the catalytic oxidation activity, good contact of the carbon and 
catalyst is desired. One method to achieve good contact of the carbon and catalyst is to use 
a liquid phase catalyst at reaction temperature, like a eutectic salt mixture with a low 
melting point. Jelles et al. observed a significant increase in carbon oxidation activity over 
CsVO3-MoO3 and Cs2MoO4-V2O5 molten salts at 347 °C or higher and attributed it to the 
melting of these salts, which resulted in the wetting of the soot by liquid-phase catalyst.133 
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These two salts also showed high stability at 752 °C in air. Despite their high activity for 
carbon oxidation and high stability at elevated temperature, their practical applications for 
diesel soot oxidation are limited due to the liquid phase transformation at reaction 
temperatures, making the deposition of molten salts on proper supports desired. CsVO3-
MoO3 and Cs2MoO4-V2O5 molten salts were deposited on α-alumina, γ-alumina, 
cordierite, diatomaceous earth, silica, silicon carbide and silicon nitride.134,135 These 
catalysts showed similar carbon oxidation activity as their corresponding molten salts 
under loose contact conditions and the highest soot oxidation rate obtained was similar to 
that of the best catalytic fuel additives (a combination of cerium and platinum). 
Considering both the reactivity and stability, Van Setten et al. concluded that an ideal 
support should meet three requirements: the molten salts should have an affinity for the 
support to wet it; the wetted support should enforce a stable liquid distribution; and the 
supports should stabilize the molten salts in such a way that even after prolonged heating, 
the molten salts should remain accessible for carbon, e.g. low-porous materials are 
required.134  
Efforts have also been made to study the contact between carbon and catalysts 
during the oxidation reaction. Bassou et al. evaluated ceria/soot contacts through 
temperature programmed experiments (TPE) and successive adsorption of O2.
136 In a 
typical experiment, the mixture of ceria and carbon was first heated in helium from 27 °C 
to 827 °C, with the products CO and CO2 tracked. The mixture was then cooled to 23 °C 
in helium, followed by a switch from He to O2 for ceria to adsorb O2. The consumption of 
O2 was quantified and used to represent the amount of oxygen transferred from ceria to 
carbon. Successive TPE/O2 adsorption cycles were repeated on the same sample to mimic 
 34 
the progressive oxidation of carbon. They found that the amount of oxygen transferred 
remained constant and concluded that the contact area remained constant during the 
reaction. These results are consistent with conclusions from the ceria catalyzed carbon 
oxidation studied with in situ TEM by Simonsen et al.137 
Besides tight and loose contact conditions, mixtures with full contact conditions 
were obtained by impregnating carbon with the aqueous alkali metal (Na, K, Cs) and 
alkaline earth metal (Mg, Ca, Ba) acetate solutions.119,138 These mixtures were heated at 
500 °C in He to turn the salts to oxides, followed by carbon oxidation tests. The intrinsic 
reactivity of the alkaline and alkaline-earth metal oxides was thus determined under full 
contact conditions, showing higher activity than the tight contact mixtures. There was a 
good correlation between the electronegativity of these elements and their carbon oxidation 
activity: the lower the electronegativity, the higher the activity. 
Although the contact conditions can significantly affect the carbon oxidation 
activity, the direct contact between soot and catalyst may not be necessary as long as the 
catalyst has high intrinsic activity and the materials between them allow diffusion of active 
oxygen species. Yamazaki et al. separated the catalyst layer and carbon particles with an 
ash layer of either alumina or calcium sulfate.139 CeO2 did not show any catalytic activity 
while the Ag/CeO2 (CeO2 supported Ag catalyst) and CeO2-Ag (Ag nanoparticles 
surrounded by aggregated of CeO2 particles) catalysts showed remote carbon oxidation 
activity even when the ash layer thickness was more than 50 µm. Based on results from 
18O/16O isotopic exchange reaction and electron spin resonance techniques, they proposed 
a reaction mechanism in which the superoxide ion (O2
-) species generated on the catalyst 
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surface migrated to the ash layer and then to the carbon particles, where they oxidized the 
carbon. 
While diesel soot oxidation reactions have been extensively studied, the interest in 
catalytic coating materials for steam crackers is growing, whereby there is intimate contact 
between the catalyst and carbon through in-situ coke formation. Obeid et al. deposited 
carbon on yttria-stabilized zirconia powder by propylene cracking, which showed higher 
oxidation activity than the tight contact mixture, confirming the importance of contact area 
for catalytic carbon oxidation reactions.140 Mahamulkar et al. deposited coke directly on 
catalytic powders by ethylene pyrolysis in a specialized TGA, where the coke oxidation 
properties could be modified by thermally aging the coke.141 The in-situ coke-catalyst 
contact was close to the tight contact condition. 
1.5 Kinetics and Mechanism of Steam Gasification of Carbon 
Steam is widely used in industrial operations and could be of use in gasification of 
carbon deposits. However, steam exposure can affect the physical properties of various 
catalysts and investigation of the stability of catalysts under such conditions is necessary. 
Steam has been used in the literature as a gasifying agent, in the presence or absence of 
oxygen. The following section gives a brief overview of the catalysts that are active in the 
presence of steam as well as the effect of steam on the gasification of carbon. 
1.5.1 Oxygen Assisted Steam Gasification of Carbon 
The effect of steam addition to oxygen has been investigated by a few researchers 
and there seems to be no unanimous relation between the addition of steam and activity. 
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Neeft et al. found no dependence of water on the non-catalytic oxidation of diesel soot.44 
However, addition of water in the range of 4-10 vol% to oxygen increased the oxidation 
rate of flame soot while keeping the activation energy constant (168 kJ mol-1). The apparent 
reaction order in carbon increased with addition of water. Jeguirim et al. studied the effect 
of water on non-catalytic carbon black oxidation in the presence of NO2. They found that 
water vapor increased the oxidation rate, but the mechanism of oxidation remained the 
same, irrespective of the presence or absence of water vapor. The activity of water vapor 
was attributed to the formation of nitric and nitrous acids, which allowed reaction between 
carbon and NO2.
142 The effect of water vapor on the oxidation rate was found to decrease 
with an increase in temperature. The reactions forming acidic active intermediates involved 
in soot oxidation in the presence of NO2 and H2O were given by Equations 4 & 5: 
 2𝑁𝑂2 +  𝐻2𝑂 → 𝐻𝑁𝑂3 +  𝐻𝑁𝑂2 (4) 
 3𝐻𝑁𝑂2 → 𝐻𝑁𝑂3 + 2𝑁𝑂 + 𝐻2𝑂  (5) 
Arnal et al.143 observed similar results as Neeft et al. for the influence of water 
vapor on the non-catalytic oxidation of a commercial carbon sample. The dominant 
reaction in the presence of water vapor was the gasification of carbon.  Oxidation in 
presence of water vapor resulted in more complete oxidation to CO2 than for oxidation 
using only oxygen. The stability of carbon surface oxygen complexes was higher in the 
presence of water vapor, causing the formation of CO2 instead of CO. 
Peralta et al. observed that Ba,K/CeO2 catalyst showed no change in activity 
towards soot oxidation in the presence of water at 400 °C.144 However, when the 
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temperature was increased to 800 °C, the presence of water led to a significant decrease in 
activity. For Cu-K-V-Cl catalysts, Badini et al. found a similar effect and hypothesized the 
reason for the effect as an increase in the volatility of chloride compounds in the presence 
of water vapor at high temperatures.145 However, they found that binary catalysts like 
CsVO3 + KCl and KVO3 + KCl showed different behavior, wherein water vapor did not 
affect the catalytic activity. 
1.5.2 Steam Gasification without Gaseous Oxygen 
McKee et al. suggested that during steam gasification using potassium, the 
hydroxide of potassium was formed.146 Reduction-oxidation cycles involving reduction of 
metal and oxidation of carbon, were suggested to be the pathway for gasification. Sodium 
and potassium salts showed similar catalytic activity for the gasification of graphite. 
However, the activity shown by lithium was an order of magnitude higher than that of the 
K and Na salts. This was hypothesized to be because of the lower melting point of the 
lithium salt. The suggested reaction mechanism for gasification for all these three salts was 
given Equations 6, 7 & 8: 
 𝑁𝑎2𝐶𝑂3(𝑙) + 2𝐶(𝑠) → 2𝑁𝑎(𝑔) + 3𝐶𝑂(𝑔) (6) 
 2𝑁𝑎(𝑔) + 2𝐻2𝑂(𝑔) → 2𝑁𝑎𝑂𝐻(𝑙) + 𝐻2(𝑔) (7) 
 2𝑁𝑎𝑂𝐻(𝑙) + 𝐶𝑂(𝑔) → 𝑁𝑎2𝐶𝑂3(𝑙) + 𝐻2(𝑔) (8) 
Freriks et al. showed that dispersed potassium was more active than bulk potassium 
during the gasification of carbon deposited from poly(fufuryl alcohol) pyrolysis.147 Also, 
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the activity was found to be dependent on the dispersion level of potassium. They suggested 
formation of a potassium surface complex as the active species and claimed that the earlier 
prediction of formation of hydroxide was not probable. At low temperatures, this complex 
reacted with water vapor to form potassium carbonate and a primary alcohol. Mouljin et 
al.148 also showed that no intercalation compounds of K were formed during gasification. 
A renewed mechanism that supports most results from the literature at that time was 
proposed in the form of Equations 9, 10 &11: 
 𝐶𝑂2 + 𝐾𝑥𝑂𝑦 ⇆ 𝐶𝑂 +  𝐾𝑥𝑂𝑦+1  (9) 
 𝐾𝑥𝑂𝑦+1 + 𝐶 → 𝐾𝑥𝑂𝑦 + (𝐶𝑂) (10) 
 (𝐶𝑂) ⇆ 𝐶𝑂 (11) 
where the structure of 𝐾𝑥𝑂𝑦 is not clear. A similar mechanism can be written for the use of 
H2O and O2 as well. Meijer et al. found that increasing the K/C ratio increased the 
gasification reactivity.149 The activation energy for the gasification of the carbon support 
was reduced from 256 kJ mol-1 to 160-190 kJ mol-1 on addition of alkali. This activity 
decreased by 40% when 10% CO2 was fed along with steam. A similar effect was also 
observed with addition of hydrogen to the feed. Increasing the H2/H2O ratio reduced the 
gasification activity. The gasification rate for catalysts with Na, K, Rb, Cs remained fairly 
constant due to the similar dispersion of these materials.  
The effect of Ca on carbon gasification in CO2 was related to chemisorbed CO2 on 
the Ca surface.150 The carbon in this study was obtained by pyrolysis of a 
phenolformaldehyde polymer resin. Ca was found to be more active in a CO2 atmosphere 
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than in steam. With time, the gasification activity decreased in the CO2 atmosphere due to 
the enlargement of the Ca particles, leading to decreased surface area. The active species 
were identified to be CaCO3. This species was converted to CaO in the presence of steam 
and hence, lower activity was achieved. 
The above sections summarized the wide range of catalysts that have been used for 
oxidation as well as gasification of carbon deposits. With this knowledge the next step 
towards achieving our goal would be to define clear research objectives with a definite 
focus. The next section states the objectives and hypotheses for the work carried out. 
1.6 Research Objectives  
The aims of the proposed work are to study the performance of ceria-alumina 
catalysts to aid the oxidation of the coke formed by the radical coking mechanism 
(homogenous coke) during the cracking of propylene or ethylene gas. 
The specific objectives of the project are:  
Aim 1 (CHAPTER 2): To understand what type of coke structures (graphitic or 
amorphous) are present in the coke formed during gas phase cracking reactions and be able 
to identify operating conditions to form radical coke. 
A custom-made thermos-gravimetric analyzer (TGA) is used for formation of coke. 
The structure and properties of the in-situ coke formed are compared to industrial coke.  
Hypotheses: Graphitic carbon is formed at high temperatures, while amorphous 
carbon is formed at low temperatures. The coke structure also depends on the hydrocarbon 
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concentration in the feed, the reaction time and the residence time of the inlet gases.  Since 
the concentration of hydrocarbon used is high (steam – HC ratio – 0.8 to 1) and the run 
time is a few months in industrial operations, a high proportion of graphitic structures as 
compared to amorphous ones are expected in industrial coke.  
The reaction conditions used in the TGA (2% hydrocarbon, reaction time – 1hr) are 
not harsh enough to create graphitic structures in large proportions. Hence, a larger amount 
of amorphous structures are expected in these coke samples. The flow reactor system 
designed in the laboratory is capable of handling larger concentrations of hydrocarbon feed. 
This system can be expected to give coke that has a similar nature to that of industrial coke. 
Aim 2 (CHAPTER 3): To determine the structure-activity relationships of ceria-alumina 
catalysts in the oxidation of coke 
Ceria-alumina catalysts with different ceria loadings will be synthesized and 
characterized. Coke and catalyst are then physically mixed. The performance of the 
catalysts will be investigated by studying the oxidation kinetics of coke. 
Hypothesis: The redox capacity of ceria has recently been used for oxidizing 
carbonaceous materials like soot. Based on the same redox principle, ceria-alumina 
composites should be able to aid the oxidation of coke formed in gas phase reactions in 
cracking reactors.  
Aim 3 (CHAPTER 4): To determine if use of steam, as an oxidizing gas, will aid the 
oxidation of coke. 
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Industrially, a mixture of air and steam is used for decoking the reactor. To have 
similar conditions for decoking in the reactor, steam will be introduced as an oxidizing gas. 
Hypotheses: Steam has been known to oxidize hydrocarbons by steam reforming 
(SR) reactions and to oxidize carbon monoxide by the water gas shift (WGS) reaction. The 
coke is a mixture of hydrocarbons whose partial oxidation may give rise to carbon 
monoxide. Hence, it can be expected that steam will aid the oxidation of these species in 
the coke by WGS and SR reactions. Ceria slightly enhances the performance of steam 
reforming reactions.6 The adsorption of water has been found to increase in the presence 
of ceria, leading to increased gasification of carbonaceous deposits.6 
Aim 4 (CHAPTER 5): To synthesize ceria coatings on a metallic substrate that minimize 
catalytic coking and also reduce the temperature of oxidation of deposited coke 
 The ultimate application of the catalytic powders that will show good activity 
towards oxidation of coke would be to be used as coatings in industrial cracking furnaces. 
Hence, it is necessary to be able to develop a methodology for synthesizing thermally stable 
catalytic coatings on a metallic substrate and determine their activity towards coke 
oxidation. 
Hypotheses: The catalytic coating on the metallic substrate will act as a barrier 
between the hot hydrocarbons and the catalytic metal species in the substrate and thus help 
in reducing catalytic coking. Synthesizing ceria coatings on the substrate will help in 
oxidizing the coke precursors as soon as they are deposited, as well as reduce the 
temperature of oxidation, behaving similarly to the catalytic powders. 
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1.7 Research Impact 
The following presented work provides a comprehensive way to understand the 
changes in the coking rates and coke structure with changing reaction conditions. This 
work is one of the few studies in the literature using α-alumina, the most thermally stable 
phase of alumina, as a support for ceria in the oxidation/gasification of coke. The ability to 
work with 100% steam in the TGA can help understand the mechanism of coke gasification 
under pure steam and also evaluate the stability and activity of catalysts in a realistic 
industrial environment during the decoking phase. Understanding the structure-activity 
relationships of the catalysts can help in designing better coke oxidation and gasification 
catalysts. These catalysts will help oxidize coke faster and decrease the down time of the 
reactor for decoking. By burning the coke off at low temperatures, these catalysts may also 
help in decreasing the energy required for coke removal in industrial steam cracking 
operation, making the process energy-efficient. This work can also potentially help in 
reducing the carbonaceous deposits responsible for deactivation of catalytic activity. 
Synthesizing catalytic coatings will be the pre-final step towards the real application of 
coating the industrial furnaces with a catalyst that can not only reduce catalytic coking but 





CHAPTER 2. IN-SITU GENERATION OF RADICAL COKE 
This chapter is largely adapted from ‘Mahamulkar, S; Yin. K; Davis R.; Shibata H., 
Malek A.; Agrawal P. K.; Jones, C.W. In-situ generation of radical coke and the role of 
coke-catalyst contact on coke oxidation. Ind. Eng. Chem. Res. 2016, 55 (18), pp 5271 – 
5278. 
2.1 Background 
As mentioned in the last chapter, coke deposition on reactor walls or other process 
equipment in the steam cracking process, affects the process efficiency and reduces the rate 
of heat transfer.8,10 The amount and type of coke deposits formed depend majorly on the 
operating conditions such as the nature of the feed and characteristics of any surfaces 
present. To restore the normal operation of such processes, expensive process shutdowns 
are typically carried out. Shutdowns often involve combustion of these carbon deposits 
using steam and air mixtures. Hence, significant research has focused towards development 
of technologies that can aid the oxidation or gasification of such deposits.  
Coke deposits can vary in structure and chemical composition based on the 
mechanism of coke formation. The two most common mechanisms of formation of coke 
identified in the literature are (i) catalytic and (ii) radical, as mentioned earlier. Catalytic 
coke formation as the name suggests is catalyzed by the metallic species in the walls of the 
reactor, likely at grain boundaries.10,19 At higher temperatures, radicals are formed in the 
gas phase that can produce pyrolytic coke, which then deposits on the surface of the 
cracking furnace.10,19 Coke formed by the radical mechanism has very low hydrogen 
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content due to the dehydrogenation of precursor molecules during the coking reactions. 
The coke formed is typically very hard due to the cross-linking of aromatic molecules 
under the reaction conditions. Catalytic coke is filamentous in nature and easier to oxidize 
as compared to radical coke due to the high hydrogen content. There has been lot of 
research done to minimize catalytic coking as stated in the previous chapter. Minimization 
and oxidation of radical coking is an issue that needs to be addressed to be able to increase 
the life of the cracking furnace and hence reduce maintenance costs. Hence, the work 
presented in this thesis revolves around the formation and oxidation of radical coke species 
only. It is assumed that the commercial coatings available in the market will be enough to 
create a barrier between the hydrocarbon gases and the metallic walls thus avoiding 
catalytic coking.   
The reactivity of catalysts towards carbon oxidation has been reported to depend on 
the degree of contact between the carbon and the catalyst.118,129,151 In the literature, the 
catalysts that were in tight contact with carbon have shown higher oxidation activity than 
those in loose contact conditions.74,90,116,152 Also, the reproducibility of loose contact results 
in the literature has been comparatively poor.140 In such cases, a comparison of catalytic 
activity under different contact conditions can give rise to misleading results. For achieving 
reproducible results, most researchers use tight contact samples for the initial screening of 
catalysts. However, tight contact may not be a true representation of the contact conditions 
that might occur realistically in reactors, catalytic converters, or other process equipment.  
For effective comparison between activities of different catalysts towards oxidation 
of coke, it is important to have a realistic coke–catalyst contact. In this work, emphasis is 
placed on the ‘in-situ deposition’ mode of contact between coke and catalyst. To determine 
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the effect of in-situ coke–catalyst contact on the oxidation of coke, alumina-supported ceria 
have been used as model catalysts since ceria has been found to be effective for a number 
of catalytic oxidation processes. The important characteristic of ceria is its redox capability 
under oxidizing and reducing conditions.  Its most significant use lies in its application as 
a three-way catalyst for treating exhaust gases from automobiles.153,154 Ceria catalysts are 
promising candidates for many catalytic applications where redox cycles are important 
such as soot oxidation,63,64,71,155–157 the water gas shift reaction,158 steam reforming,159 and 
CO oxidation.160  
The present work focuses on generating in-situ radical coke, which oxidizes at high 
temperature, in the laboratory on powder catalyst samples. A specialized TGA was used 
for coking experiments. The mechanism of in-situ coke deposition (catalytic vs. radical) 
was investigated thoroughly. The effect of thermal aging treatments on the hardness of the 
coke deposit was also examined. The nature of the coke deposits was determined using a 
combination of thermal analysis and spectroscopic techniques. A specific focus was placed 
on ascertaining the effect of coke – catalyst contact on the oxidation of coke. It was 
observed that in-situ radical coke generation in the laboratory showed better coke-catalyst 
contact than physical mixtures and is more representative of realistic coke-catalyst contact 
conditions that might occur in process equipment.  
2.2 Materials and Methods 
2.2.1 Material Synthesis 
Mesoporous γ-alumina was prepared via a surfactant-mediated self-assembly 
method.161–163 A mixture of nitric acid (Sigma Aldrich, 70%) and deionized water (200 
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mL) was used for peptization of 13.75 g of pseudo-boehmite. This was followed by 
sonication of the suspension at room temperature for 90 min and stirring at 60 ºC for 17 h. 
The peptized alumina sol was cooled to room temperature and added to a stirred solution 
of ethanol and Pluronic® P-123. P-123 is used as a template to create mesoporous γ-
alumina. During synthesis, Pluronic P-123 interacts with species that is present in boehmite 
dispersion and forms a polymer – alumina mesostructured composite. Upon calcination, 
the polymer is removed and mesoporous alumina is formed.163 The mixture was stirred for 
24 h at room temperature. The next step involved heating of the solution at 60 ºC for 60 h 
to remove the solvent. Heating the mixture at 75 ºC for 24 h carried out drying of the P-
123-alumina. Residual water and ethanol were removed by heating the composite at 150 
ºC for about 1 h. The composite was then heated to 700 ºC at a heating rate of 1 ºC/min 
and kept at 700 ºC for four hours for removal of the P-123 template. Θ-alumina was 
obtained by heating commercial γ-alumina at 1100 ºC for 8 h using a heating rate of 1 
ºC/min.  
A commercial α-alumina support was procured from Sigma Aldrich. Ceria loaded 
α-alumina materials were prepared by a wetness impregnation method using cerium nitrate 
hexahydrate (Ce(NO3)3.6H2O) as the cerium precursor and α-alumina as the support 
(Sigma Aldrich, corundum). The cerium precursor is dissolved in distilled water and α-
alumina is added to the solution in the appropriate amount. The mixture was dried at 110 
ºC and calcined at 1100 ºC for 8 h using a heating rate of 1 ºC/min. They are denoted as x-
CeO2-Al2O3 where x denotes the mol% of Ce in the catalyst sample while Al is present in 
(1-x) mol%. 
An industrial coke sample was obtained from The Dow Chemical Company. 
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2.2.2 Coke-Catalyst Contacting 
A customized thermogravimetric analyzer (TGA, NETZSCH, STA449F3 
Jupiter®) was used for in-situ generation of coke and to study coke oxidation. This TGA 
can be operated with reactive gases like hydrocarbons at high temperatures. For safety 
reasons, flammable gas concentrations were kept below their flammability limits in the 
TGA. In these experiments, 2 mol% of propylene or ethylene was used. The internal 
components of this TGA were designed to work efficiently in the presence of corrosive 
atmospheres. The measurement head, made of alumina, was stable at high temperatures 
and resistant to corrosive gases. 
For in-situ coke deposition, the TGA furnace was heated to the desired temperature 
in helium flow. Once the desired temperature was reached, 2 mol% hydrocarbon in helium 
was introduced into the system for 1 h. After 1 h, the hydrocarbon flow was stopped and 
the furnace was allowed to cool while under helium flow. The coking rate and the amount 
of coke deposited were measured by the TGA. Coke deposited on the measurement head 
was removed completely prior to oxidation of the coked catalysts, by temperature 
programmed oxidation in air up to 900°C. 
For tight contact experiments, small amounts of industrial coke and catalyst or 
support were ground in a mortar and pestle for 45 minutes in the ratio 1:9. Loose contact 
experiments involved physical mixing of the above two materials in the same ratio with 




2.2.3 Materials Characterization 
Nitrogen physisorption isotherms were collected at -196 °C using Micromeritics 
Tristar II after the samples were heated to 200 °C under vacuum for 10 h prior to the 
analysis. The data obtained were used to calculate surface areas and pore characteristics 
for the various solids.  A Witec confocal Raman microscope (Alpha 300R) was used to 
obtain Raman spectra for the reaction-aged catalysts with an Ar+ ion laser (λ = 513.998 
nm) using a 1.5 mW excitation source intensity and 1800 grating with < 0.9 cm-1 pixel 
resolution. A magnification of 50x was used. A dense sample layer of about 1 mm thickness 
was pressed onto a cover slip with the help of a spatula. This coverslip was then placed on 
the microscope sample holder. A white light source was used to focus on the surface of the 
sample. After focusing on a spot, the sample was exposed to the laser beam and the Raman 
spectra were recorded. First order Raman spectra were de-convoluted using the peak 
analyzer function of the OriginPro 8.5 software.  
2.2.4 Thermal Coke Aging Experiments 
Thermal aging experiments were performed on an Autochem II 2920 instrument 
from Micromeritics. A small amount of an in-situ coked sample from the TGA was placed 
in a quartz U-tube. This tube was mounted on the Autochem machine and the sample was 
pretreated under a helium atmosphere by heating to 150 °C at a rate of 10 °C/min, to 
remove traces of volatile matter. The sample was then aged for longer times at the same 
temperature used for coking, under helium atmosphere. Inert atmosphere was used to study 
the effect of aging independently of the coking process. 
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2.2.5 Temperature Programmed Oxidation  
Temperature programmed oxidation (TPO) experiments were also performed on 
the NETZSCH TGA. TGA was used to determine the reactivity of the coke. The 
temperature was raised from room temperature to 950 °C at a rate of 10 °C/min in the 
presence of air (100 mL/min). The rate of mass loss was used to compare the oxidation of 
different coke and coked-catalyst samples. The temperature, at which the rate of oxidation 
was maximum, was denoted as the peak oxidation temperature. 
2.3 Results and Discussion 
The first series of experiments conducted was used to investigate the mechanism of 
coke formation in the TGA in the presence of an oxide support. The rationale for doing 
these experiments was to verify if the coke formed in the TGA was generated from 
homogeneous radical reactions, and that heterogeneous coke was not 
involved. Furthermore, conducting thermal cracking experiments in the TGA provided a 
quantitative measurement of the coking rate and the amount of coke formed. 
A blank coking experiment, with no support or catalyst present, showed some (~ 0.6 
mg) coke deposition on the measurement head of the TGA (Figure A1, Appendix A). When 
coking was carried out in the presence of a support, the amount of coke deposited increased. 
Further experiments were carried out to determine the mechanism of formation of this 
deposited coke. To determine if the total surface area of the support was a factor 
determining the coking rate, two different samples (100 mg) of γ-alumina with different 
surface areas were chosen for analysis. These samples were exposed to 2 mol% propylene 
atmosphere at 950 °C for 1 h. From Table 2-1 one can see that the synthesized mesoporous 
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γ-alumina (203 ± 2 m2/g, particle size 14 μm) had a total surface area nearly twice that of 
the commercial γ-alumina (84 ± 2 m2/g, particle size 16 μm). Nonetheless, the coking rate 
on the synthesized alumina was very similar to that on the commercial alumina (Table 2-
2). The typical TG curve for coke deposition is shown in Figure A2, Appendix A. Clearly, 
the coking rate was not proportional to the total surface area and one can conclude that the 
total surface area of the support did not play a significant role in the coking process. Pore 
blockage was investigated by nitrogen physisorption studies on the coked commercial γ-
alumina. The coked sample showed a lower surface area (77 ± 2 m2/(g-alumina) of coked 
sample) as compared to the pristine commercial γ-alumina (84 ± 2 m2/g). To find the source 
of this reduction in surface area, commercial γ-alumina was subjected to the same thermal 
treatment as the coking experiment but without exposing it to the hydrocarbon. This 
thermal treatment caused sintering of the commercial γ-alumina that reduced its surface 
area to 68 ± 2 m2/g (Table 2-1). Hence, the possibility of pore-blocking due to deposition 
of coke was ruled out. This also suggests that coke deposition primarily took place on the 
outer surface of the support.  
Table 2-1 Textural properties of oxide supports and catalytic materials 




γ-alumina (commercial) 84 0.42 
γ-alumina (synthesized) 203 1.10 








Table 2-2 Effect of total surface area on coke deposition 




Coke deposited in 1 
h (mg) 
γ-alumina (commercial) 100 84 10.6 ± 0.25 
γ-alumina (synthesized) 100 203 12.1 ± 0.3 
As mentioned earlier, coke deposition increased in the presence of a support. One 
possible explanation for this observation could be the increased external surface area 
provided by the supports.  A second explanation could be that the support induced coking 
via a heterogeneous mechanism.  To probe these possibilities, two supports of equivalent 
external surface area were selected for exposure to hydrocarbon at 950 ºC for 1 h.  An inert 
support that would not induce catalytic coking, SiC, was utilized along with θ-alumina, a 
support that might induce some catalytic coking. The total external surface area of both 
samples was ~0.06 m2 (SiC is non-porous, BET surface area of θ-alumina – 0.34 m2; 1.4 g 
of SiC with a particle size of 50 μm; 10 mg of θ-alumina with a particle size of 10 μm). 
Figure 2.1 shows that the same quantity of coke was formed on the θ-alumina and on the 
SiC. The coking rate on SiC was 4.6 mg/hr, which was very similar to that on θ-alumina 
(4.5 mg/hr). Similar behavior is also seen in the case of γ-alumina. For the same weight, 
commercial γ-alumina with larger particle size (16 µm) showed lower coke deposition as 
compared to synthesized γ-alumina with smaller particle size (14 µm, higher external 
surface area). This observation clearly indicates that the quantity of coke deposited in the 
TGA depends on the external surface area of the support and not on the chemical nature of 
the support, suggesting that coking occurs primarily by a homogeneous, radical mechanism 
under the conditions used. 
 52 
 
Figure 2.1 Coke deposition (950 °C, 1 h) on support materials with equal external 
surface area (sample masses were adjusted to equalize external surface area) 
2.3.1 Kinetics of In-situ Coke Deposition 
Kinetic parameters can give additional insight in to the mechanism of coke 
deposition. Hence, to determine the reaction order in hydrocarbon for deposition of coke 
on α-alumina, during thermal decomposition of ethylene, three different concentrations of 
ethylene were used (1.4 mol%, 1.6 mol% and 1.8 mol% in He). The reaction temperature 
was maintained at 950 °C for a period of 1 h. The coking rate was measured by the TGA 
and a log plot of coking rate (mol sec-1) vs ethylene concentration yielded a reaction order 
of 1.2085 (Table A1, Figure A3 – Appendix A). A similar analysis was carried out with 
2% propylene as the hydrocarbon and we achieve an order of 1.03 (Figure A4, Appendix 
A). The thermal cracking kinetics of propane and ethane have previously been found to be 
first order in the hydrocarbon concentration.18,164 Thermal cracking involves a large 
number of radical reactions. A reaction order of approximately one suggests that coke 
formation in the TGA took place by radical reactions. 
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The apparent activation energy of the coke deposition process was calculated by 
measuring the coking rate at the reaction temperatures of 850 °C, 950 °C and 1050 °C. 
Assuming Arrhenius law, the log of the rate constant ((m3)1.2 sec-1 mol-0.2) as plotted against 
the inverse reaction temperature which gave an activation energy of 91 kJ mol-1 (Table A2, 
Figure A5 – Appendix A). This value is significantly lower than the C-C bond dissociation 
energy165 for ethylene which is 727.8 kJ mol-1 and also the bond dissociation energy of the 
sp2 C-H bond which is 456 kJ mol-1.165  The apparent activation energy for ethylene 
cracking is 323 kJ mol
-1
.
166 This apparent activation energy is calculated based on the 
disappearance of the reactant (ethylene). However, in the current study, the activation 
energy is calculated based on the coking rate. Similar studies on other reactions have been 
done in the literature, which yield activation energy values in the same range as found in 
the current study (refer Table A3). Hydrogen abstraction and addition reactions are known 
key steps in the formation of radical coke.19,167 From the literature values, we can infer that 
involvement of larger hydrocarbon molecules in the formation of coke has a low apparent 
activation energy. Thus, the coke formed in this study is a result of the combination of 
radical reactions taking place because of hydrogen abstraction and addition. 
2.3.2 Raman Spectroscopy  
Structural information about carbon materials can be obtained by Raman 
spectroscopy.  The amorphous and graphitic carbon content of the sample can be inferred 




Table 2-3 Assignment of peaks in Raman spectra  
Peaks Raman shift (cm-1) Type of carbon 
G 1585 Ideal graphitic 
D1 1350 
Disordered graphitic edges, in-plane 
imperfections 
D2 1620 Disordered graphitic surface 
D3 1500 Amorphous carbon, sp
2 bonded 
D4 1200 Disordered graphite lattice, ionic impurities 
Table 2-3 relates the Raman shift to the type of carbon in the sample 168. A higher 
wavenumber corresponds to a higher energy required for excitation of bonds, with 
amorphous carbon species requiring lower energy for excitation than graphitic species. The 
amorphous carbon species typically consist of poly-aromatic precursors of graphene layers. 
The amount of graphite formed in the sample depends on operating conditions that 
produced the carbon/coke sample, e.g. reaction temperature, reaction time and residence 
time.  
Sadezky et al. found that fitting the G, D1, D2, D4 peaks as Gaussians and the D3 
peak as a Lorentzian gave the best fit for their spectra168. A similar deconvolution analysis 
was used here for obtaining Raman parameters for different coke samples. The 
heterogeneity of the industrial coke samples was studied by measuring Raman spectra at 
different spots on the sample. Table 2-4 shows the deconvolution results at different spots 
in the industrial coke sample. Negligible differences were observed in the coke 
composition values at different spots, indicating homogeneity of the sample. From Figure 
2.2, it can be inferred that the industrial coke has significantly more graphitic species than 
amorphous species. The large contribution of the D peaks indicates a highly disordered 
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structure. In contrast, in-situ coke deposited in the TGA was more amorphous than the 
industrial coke. This might be due to the short reaction time (1 h).  
Table 2-4 Homogeneity of industrial coke sample by Raman deconvolution analysis 
Spots G (%) D1 (%) D2 (%) D3 (%) D4 (%) 
Spot 1 20.0 49.0 14.0 7.00 10.0 
Spot 2 18.5 47.5 14.9 7.50 11.6 
Spot 3 21.0 47.7 14.4 6.00 10.8 
 
Figure 2.2 Deconvolution analysis of Raman spectra for in-situ and industrial coke 
showing amorphous nature of in-situ coke 
2.3.3 Thermal Aging 
It would be useful to be able to produce coke in the TGA, where excellent coke-
catalyst contact can be achieved (vide infra), with similar oxidizing nature as an industrial 
coke.  To this end, the ability to thermally age an in-situ coke to increase its graphitic 
content was explored. Specifically, the exposure time to ethylene was increased during an 
in-situ coking experiment using an α-alumina sample (500 mg). The degree of coke 
graphitization was determined by the Raman analysis. The relative intensity of the D3 peak 
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given by equation 12, denoting amorphous carbon, was used as a measure of the graphitic 
nature of the coke samples.169  
 
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝐷3 =  
𝐼𝐷3
𝐼𝐷3 + 𝐼𝐺 + 𝐼𝐷2
 (12) 
A decrease in the relative intensity of the D3 peak denotes a decrease in the amount 
of the amorphous coke. Figure 2.3 shows a plot of the relative intensity of the D3 peak with 
that of the peak oxidation temperature for coke deposited on a bare α-alumina support. An 
increase in the reaction time from 1 to 2 to 4 h yielded coke with decreased amorphous 
carbon content. This decreased amorphous carbon led to a higher peak oxidation 
temperature (sample size for TPO: 1 h – 37 mg, 2 h – 21 mg, 4 h – 10 mg). Repeating the 
measurements showed minimal error in the de-convolution results, suggesting good 
reproducibility. 
 
Figure 2.3 Relation between amorphous nature of coke and its oxidation behavior 
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Figure 2.4 Comparison of TPO curves of thermally aged coke with industrial coke 
with following coke content: industrial – 2.7 mg, in-situ coke – 0.34 mg 
To harden the coke, a thermal aging treatment was used in further studies. The coke 
generated in-situ on α-alumina (500 mg) at 1050 °C for 2 h was considered as a reference 
sample. The coke sample formed at 1050 °C, 2 h had lower amorphous content (0.34) than 
the coke formed at 950 °C, 2 h (0.47). A higher reaction temperature was chosen as the 
hardness of the coke increased with temperature. This reference coke was thermally aged 
under helium for a period of six and twelve hours. Figure 2.4 shows that thermal aging 
caused the TPO curve to shift right and oxidize the coke at higher temperatures. The 
industrial coke had some carbon species oxidizing at higher temperatures (> 800°C) which 
was not reflected in the thermally aged coke. However, it was demonstrated that increasing 
the time for thermal aging is a suitable way of producing harder coke samples. Industrial 
coke shows two peaks in TPO while in-situ coke shows one peak because industrial coke 
is more graphitic according to Raman analysis (Figure 2.5). The higher temperature peak 
seen is for the oxidation of graphitic species. In-situ coke is less graphitic and more 
amorphous than industrial coke. The in-situ coke made in the laboratory with a reaction 
time of few hours cannot match the reaction time the industrial coke was exposed to 
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possibly a few months. This increased high temperature exposure has caused the industrial 
coke to harden and oxidize at much higher temperature than the in-situ coke. 
Figure 2.5 shows that thermally aging the coke for 6 h increases the T50 
(temperature at which 50 wt% of the carbon content is oxidized, sample size 25 mg) 
without a significant change in the amorphous content of the coke. This could be attributed 
to the increase in the structural order of the graphitic species or morphology of the coke, 
which is not discussed in this paper. Further studies are required to probe this observation. 
However, increasing the thermal aging time from 6 to 12 h, decreased the amorphous 
carbon content and increased the T50. Thus, we observe that thermally aging the coke in an 
inert atmosphere made it more difficult to oxidize. The thermally aged coke oxidized at a 
similar temperature as the industrial coke and thus, radical coke with similar oxidizing 
characteristics as industrial coke was generated in the laboratory. 
 




2.3.4 Coke – Catalyst Contact 
 
Figure 2.6 Schematic of coke - catalyst contact under different conditions: a) Loose 
contact b) Tight contact c) In-situ deposited coke 
Ceria-alumina catalysts were used as model catalysts for studying the coke-catalyst 
contact created via in-situ coke generation. Nitrogen physisorption revealed the highly non-
porous nature of the commercial α-alumina support used in the catalyst preparation. 
Impregnation of ceria onto the α-alumina increased the surface area slightly, though the 
catalysts remained non-porous in nature.  
Figure 2.6 shows a schematic of different contact conditions. In loose contact 
conditions (Figure 2.6a), very few contact points exist between the coke particles and the 
catalyst particles, leading to modest catalytic activity for oxidation. When the coke and 
catalyst samples are ground together to create tight contact, the particle size of the coke 
and catalyst particles may be reduced, increasing the contact area of the coke and catalyst 
particles (Figure 2.6b). As a result, the oxidation activity under these conditions is higher 
than under loose contact. During in-situ coke deposition on catalysts, it was demonstrated 
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above that coke was deposited externally on the individual catalyst or support particles as 
a coating, leading to intimate contact between the carbon particles and the catalyst (Figure 
2.6c).  
To study coke-catalyst contact, four different contact conditions were examined. 
The first set of samples involved deposition of in-situ coke (950 °C, 1 h) on a series of 
ceria-alumina catalysts with varying cerium content. These coked catalysts were then 
ground to simulate a tight contact mixture as a second set of samples. For comparison, 
loose and tight contact samples were obtained using the industrial coke with the same 
catalysts as mentioned above. To quantify the effect of coke-catalyst contact, TPO 
experiments were carried out on all the samples. Figure 2.7 shows that in-situ coke oxidized 
with a peak oxidation temperature at 410 °C. Grinding the in-situ coke and the catalyst 
before the TPO experiment led to appearance of a smaller peak at a lower temperature of 
350 °C. This showed that for oxidation of in-situ coke, tight contact (grinding) enhances 
the catalytic activity of the supported ceria slightly. This effect could be attributed to the 
increased contact between the coke and catalyst particles due to grinding. The tail observed 
at higher temperatures could be due to the detachment of coke from the catalyst over α-
alumina in which case uncatalyzed oxidation takes place causing it to oxidize at higher 
temperature. In contrast, tight contact for the industrial coke with the ceria-alumina (50-
CeO2-Al2O3) catalyst showed a significant improvement in catalytic activity as compared 
with the loose contact conditions (Figure 2.7).  
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Figure 2.7 TPO curves showing coke – catalyst (50-CeO2-Al2O3) contact under 
different contacting conditions 
Quantification of these results is given in Table 2-5 . For instance, for a catalyst 
with 20 mol% Ce (20-CeO2-Al2O3), grinding after in-situ coke deposition showed very 
little (1 °C) reduction in the T50 value (Table 2-5). For the same catalyst, the difference 
between loose and tight contact with the industrial coke was significant, with a reduction 
in T50 of 76 °C (ΔT1). This behavior was observed for other catalysts (50-CeO2-Al2O3 and 
80-CeO2-Al2O3) as well, demonstrating that grinding to create tight contact conditions is 
important to improve coke-catalyst contact using physical mixtures of separate coke and 







Table 2-5 T50 values for industrial coke in contact with ceria-alumina catalyst (ΔT1 – 
difference between T50 of loose and tight contact, ΔT2 – difference between T50 of in-




T50 (°C) /  
20-CeO2-
Al2O3 
T50 (°C) /  
50-CeO2-
Al2O3 
T50 (°C) /  
80-CeO2-
Al2O3 




Loose contact 657 657 657 - 
Tight contact 581 565 601 - 
ΔT1 76 92 56 - 




405 398 394 507 
ΔT2 1 14 9 1 
The effect of coke-catalyst contact was also investigated on a harder coke deposited 
in-situ on the 50-CeO2-Al2O3 catalyst. Coking was carried at 1050 °C for 2 h on the 20-
CeO2-Al2O3 material and the coked sample was thermally aged for 12 h. TPO yielded a T50 
value of 507 °C. Grinding the coke sample yielded a similar T50 value with a ΔT2 of 1 °C, 
indicating no improvement in coke – catalyst contact on grinding. This observation 
suggests that in-situ coke deposition leads to intimate contact between coke and the 
catalyst, irrespective of the hardness of the coke. This demonstrates that coke – catalyst 
contact after grinding in-situ coke remains the same as before grinding. The coke-catalyst 
contact for in-situ coke generation shows catalytic activity similar to tight contact 
conditions and is also more representative of the realistic contact that takes place in 
industrial operations. In-situ coke forming methodology also helps in improving the 
reproducibility and reliability of data as compared to vague descriptions of loose and tight 




The present work demonstrated that radical coke can be generated in the laboratory 
and deposited on catalyst or support samples in a specialized TGA. Deconvolution of 
Raman spectra gave an insight into the chemical structure of the coke samples. In-situ coke 
was found to be more amorphous compared to an industrial coke sample. Temperature 
programmed oxidation experiments were employed to study the oxidation behavior of the 
coke deposits. Thermal aging has important effects on the oxidation characteristics of the 
coke deposits. Thermal aging of the coke increased the hardness of the in-situ coke, as 
shown by Raman analysis and TPO experiments. Coke – catalyst contact in the in-situ coke 
samples was improved as compared to the physical mixtures of coke and catalyst, 
suggesting that coke generated on catalyst samples in-situ may be representative of coke 




CHAPTER 3. CERIA CATALYZED COKE OXIDATION 
3.1 Background 
As described in the previous chapter, radical coke was successfully made on the 
catalytic supports. The next step towards achieving the project goal is to develop catalysts 
that can aid the oxidation of these radical carbon deposits at temperatures lower than 
uncatalyzed oxidation, thereby reducing the energy requirements of the process. While 
choosing catalysts, it is also important to choose materials that do not contribute to catalytic 
coking. For example, metals like Ni, Fe, Pt should be avoided to minimize catalytic coking. 
In this work, catalytic materials that are resistant to coking and are active towards oxidation 
of carbon deposits are explored. These catalysts are active after high temperature treatment 
and cannot only be used in steam cracking but also in other high temperature applications 
such as pyrolysis reactions and in solid oxide fuel cells, where coking is a major issue. 
Coke deposited in industrial reactors or on catalysts is typically combusted by 
passing air, other oxygen-containing gases, or mixtures thereof (e.g. steam and air) at high 
temperatures through the reactor in regeneration mode. For instance, the steam cracker 
plant or process usually requires a shutdown for decoking every 20 – 60 days, depending 
on the type of feed used.18 The physical structure and chemical nature of the carbon 
deposits depends on a number of factors, namely the operating temperature, pressure, 
residence time in the reactor and hydrocarbon feed composition. These aspects and others 
are summarized in an extensive review on different mechanisms of carbon formation and 
technologies used for reducing coke formation as well as for oxidation.58 In parallel, 
materials that can reduce the rate of deposition of carbon deposits are also sought-after, 
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especially in solid oxide fuel cell (SOFC) applications. In SOFCs, coking is a major 
problem on the Ni based anode. Coke can block the pores of the anode or cause micro-
cracking, affecting cell performance.170  
Due to the nature of the solid-solid-gas reactions that occur for catalyzed carbon 
oxidation with an oxidizing gas, the contact between the carbon and the catalyst is very 
important. In this paper, catalytic activity under another type of coke – catalyst contact, in-
situ coke – catalyst contact, where coke is directly deposited on the catalyst, has been 
measured. This method of coke deposition has been described in detail in chapter 2. 141 
This contact method is a near exact representation of how carbon and catalyst would come 
in contact in an industrial setting.   
Over the last decades, cerium oxide and mixtures of cerium-containing oxides have 
been found to be effective for a number of oxidative catalytic processes. An important 
characteristic of ceria is its redox capability under both oxidizing and reducing conditions.  
Cerium based oxides have been used in the three-way catalytic converter for elimination 
of CO, hydrocarbons, and NOx in engine exhaust due to their excellent oxygen storage 
capacity. Their highly active surface crystal facets and redox behavior allow cycling 
between Ce3+ and Ce4+ states with the formation and elimination of oxygen defects.64,171 
Such materials have also received wide attention for diesel soot oxidation. A 
comprehensive review of ceria materials for carbon oxidation has been done in our 
previous work58 and also mentioned in some depth in chapter 1. Oxygen vacancy defects 
are known to be one of the most reactive sites on metal oxides.154,172 The redox chemistry 
of ceria can be written as Equation 13: 
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                              2𝐶𝑒𝑂2 (𝑠) → 2𝐶𝑒𝑂2−𝑦 (𝑠) + 𝑦𝑂2 (𝑔)                                (13) 
where,  CeO2-y is a non-stoichiometric phase. The oxygen storage capacity of ceria can be 
enhanced by doping it with other rare earth elements.158 Ceria catalysts are promising 
candidates for applications like soot oxidation,63,64,71,155–157 the water gas shift reaction,158 
CO oxidation,160 and in solid oxide fuel cells.173–175  
Doping of ceria with zirconium has been observed to increase the oxygen storage 
capacity of ceria and enhance catalytic activity towards oxidation of soot.64,77,80,114 Most of 
the soot oxidation studies involving ceria work with temperatures below 800 °C, above 
which compositional changes might take place affecting the properties of the catalyst.114 
However, steam crackers units operate at temperatures around 1000 °C and hence the 
thermal stability of the catalytic materials is of high importance. Therefore, any support 
material used should be inert, stable under operating conditions and low cost. γ-Alumina 
has been used widely as a catalyst support due to its low cost, robustness at low 
temperatures and good textural properties like high surface area and pore volume. 
However, it is not stable at high temperatures (> 800 °C) and can transition to other phases 
of alumina.112,176 α-Alumina is the most thermodynamically stable phase of alumina, has 
very low surface area but high corrosion resistance, which makes it an appropriate 
candidate for high temperature applications.  
In this work, the aim was to apply the knowledge that exists in the literature for 
oxidation of soot in designing catalysts that are active for coke oxidation. Accordingly, the 
objective of this study was to develop catalytic materials that aide coke oxidation and 
minimize coke deposition in high temperature applications and investigate the properties 
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responsible for their activity. Ceria dispersed on a commercial α-alumina support at various 
loadings was used to explore coke deposition as well as oxidation of coke. Two types of 
coke – catalyst contact were examined, (i) traditional tight contact and (ii) in-situ contact. 
The alumina-supported cerium oxides were also characterized by various analytical 
techniques, allowing for their oxidation performance to be correlated with their 
composition and structural properties. 
3.2 Experiments 
3.2.1 Catalyst Synthesis 
Ceria loaded α-alumina materials were prepared by a wetness impregnation method 
using cerium nitrate hexahydrate (Ce(NO3)3.6H2O, Sigma Aldrich) as the cerium precursor 
and α-alumina as the support (Sigma Aldrich, corundum, -100 mesh, 99%). The mixture 
was dried at 110 °C overnight and calcined at 1100 °C for 8 h at a heating rate of 1 °C/min 
in air. The synthesized catalysts are denoted as x-CeO2-Al2O3, where x denotes Ce/(Ce+Al) 
atomic ratio in the catalyst sample. An industrial coke sample was obtained from the Dow 
Chemical Company. 
3.2.2 Catalyst Characterization 
Catalyst samples were characterized by nitrogen physisorption, X-ray diffraction, 
Raman spectroscopy, UV-Vis spectroscopy, and temperature programmed reduction. 
Nitrogen physisorption isotherms were collected at -196 °C using a Micromeritics Tristar 
II. The samples were heated to 200 °C under vacuum for 10 h prior to the analysis. The 
data obtained were used to calculate surface areas for the various powders. The powders 
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were characterized by X-ray diffraction (XRD) using Cu K α radiation. The instrument was 
operated at 40 mA and samples were packed into a horizontally mounted sample holder. 
The crystallite sizes were estimated using the Scherrer equation. A Witec confocal Raman 
microscope (Alpha 300R) was used to obtain Raman spectra for the fresh and coked 
catalysts with an Ar+ ion laser (λ = 513.998 nm) using a 2 mW excitation source intensity 
and 1800 grating with < 0.9 cm-1 pixel resolution. A magnification of 50x was used. A 
dense sample layer of about 1 mm thickness was pressed onto a cover slip with the help of 
a spatula. This coverslip was then placed on the microscope sample holder. A white light 
source was used to focus on the surface of the sample. After focusing on a spot, the sample 
was exposed to the laser beam and the Raman spectra were recorded at ambient 
temperature. First order Raman spectra were de-convoluted using the peak analyzer 
function of the OriginPro 8.5 software.  
X-ray absorption near edge structure (XANES) was performed at beamline X18B 
of the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory. The 
X-ray absorption spectroscopy (XAS) data were obtained in transmission mode at the Ce 
LIII edge (5723 eV). The Ce LIII edge spectra were measured at room temperature in air. 
The XANES samples were prepared by spreading a thin layer of material on pieces of 
transparent tape. CeO2, obtained from Sigma Aldrich, was used as the standard. Two scans 
from 5,573 to 6,187 eV were collected for each sample. The XAS data were then processed 
with Athena software for background removal, and edge-step normalization. 
The ceria lattice oxygen species available for oxidation reactions at different 
conditions were measured by temperature programmed reduction (TPR) experiments on a 
Micromeritics AutoChem 2920.  The samples were pretreated at 150 °C in He for 1 h to 
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remove volatile species. Approximately 40 – 50 mg of the sample was heated at a constant 
rate (5 °C/min) from room temperature to 900 °C in 10% hydrogen in argon (30 mL/min), 
in a U-shaped quartz tube. The water produced was removed by passing the effluent gas 
through a cold trap (a mixture of acetone and liquid nitrogen). Hydrogen consumption was 
monitored by a thermal conductivity detector. For quantitative analysis, the instrument was 
calibrated with the reduction of Ag2O. UV-Vis spectroscopy measurements were 
performed in the wavelength range of 200 – 800 nm using a Cary UV-Vis NIR 
spectrophotometer. The instrument was calibrated using BaSO4 as the standard. 
3.2.3 Coke – Catalyst Contact 
3.2.3.1 In-situ Coke – Catalyst Contact 
A customized thermogravimetric analyzer (TGA, Netzsch, STA449F3 Jupiter®) 
was used for in-situ generation of radical coke (coke formed in gas phase) and to study 
coke oxidation. This TGA could be operated with reactive gases like hydrocarbons at high 
temperatures. For safety reasons, flammable gas concentrations were kept below their 
flammability limits in the TGA. In these experiments, 2 mol% of ethylene was used. The 
internal components of this TGA were designed to work efficiently in the presence of 
corrosive atmospheres. The measurement head, made of alumina, was stable at high 
temperatures and resistant to corrosive gases.  
For in-situ coke deposition, the TGA furnace was heated to the desired temperature 
in helium flow. Once the desired temperature was reached, 2 mol% ethylene in helium was 
introduced into the system for 1 h. After 1 h, the ethylene flow was stopped and the furnace 
was allowed to cool while under helium flow. The coking rate and the amount of coke 
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deposited were measured by the TGA. Coke deposited on the measurement head was 
removed completely prior to oxidation of the coked catalysts, by temperature programmed 
oxidation in air up to 900 °C after removal of the coked catalyst sample. 
3.2.3.2 Tight Contact 
For tight contact experiments, an industrial coke sample obtained from the Dow 
Chemical Company was used. A small amount of industrial coke and catalyst in the ratio 
1:9 were ground in a mortar and pestle for 45 min to achieve tight contact conditions. 
3.2.4 Catalytic Activity  
3.2.4.1 Temperature Programmed Oxidation 
Temperature programmed oxidation (TPO) experiments were also performed on 
the Netzsch TGA. The TGA was used to determine the reactivity of the coke deposited on 
various catalyst materials. For these measurements, 15 mg of the coke – catalyst mixture 
was placed in an alumina crucible. The temperature was raised from room temperature to 
950 °C at a rate of 10 °C/min in the presence of air (100 mL/min). The rate of mass loss 
was used to compare the activity of catalysts for both the industrial and in-situ coke 
samples. 
3.2.4.2 Isothermal Oxidation 
Isothermal oxidation was carried out on the Netzsch TGA by heating the coke – 
catalyst sample to the desired temperature under helium flow. Once the desired temperature 
was reached, air was introduced into the furnace. Rate constants were obtained by fitting 
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the mass loss data to a first order rate equation. The data from 0 – 50% conversion were 
used to calculate the rate constants. Isothermal studies were also performed in the absence 
of any oxidizing agent under helium flow to establish a baseline or to study the effect of 
surface oxygen species present on the ceria.  
3.2.4.3 Isothermal Reduction of Catalysts 
Isothermal reduction of catalysts was carried out at the reaction temperature (950 
°C) to determine the amount of oxygen released during the pyrolysis reaction where 
hydrogen is produced. The TGA furnace was heated to the desired reaction temperature in 
nitrogen flow. Once the desired temperature was reached, 1.5 mol% hydrogen in nitrogen 
was introduced into the system for 1 h. After 1 h, the hydrogen flow was stopped and the 
furnace was allowed to cool while under helium flow. 
3.3 Results and Discussion 
3.3.1 Catalyst Characterization 
Figure 3.1 compares the XRD patterns for α-alumina supported ceria catalysts 
along with unsupported ceria and the α-alumina support. No significant change was 
observed in the crystallinity of the ceria domains as well as the α-alumina structure. All α-
alumina supported ceria composites showed distinct ceria peaks. Diffraction peaks 
corresponding to fluorite structure of CeO2 (28.6°, 33.3°, 47.5°, 56.4°) 
177 were well 
defined in the diffractograms of the composites. Peak broadening was used to determine 
crystallite size based on the (111) plane of ceria. These sizes are in the range of 30 – 60 
nm, as summarized in Table 3-1. 
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Figure 3.1 XRD patterns of α-alumina, unsupported ceria and ceria -alumina 
composites with different ceria loading 
Table 3-1 Crystallite sizes of the ceria (111) plane at θ ~ 28° 
Sample XRD crystallite 









The surface areas of the various materials are summarized in Table 3-2. Since, the 
surface areas are very low, around 1.5 – 2 g of the catalysts were used for physisorption 
analysis. Catalysts with 20 and 50 mol% Ce had slightly higher surface areas than bare α-
alumina. Higher ceria loadings of 80 mol% reduced the surface area. From the 
physisorption experiments, it was observed that the catalytic materials were highly non-
porous in nature. This is attributed to the non – porous nature of the commercial α-alumina 
support that was used, as well as the high calcination temperature. Both aspects make these 
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catalysts thermally stable so they can be used in high temperature applications. 
Unsupported ceria showed higher surface area than the supported ceria samples, but it had 
a similar non-porous nature. 
Table 3-2 Textural properties of α-alumina, unsupported and supported ceria 
catalysts 







Figure 3.2 shows that XANES spectra for bulk ceria and α-alumina supported ceria 
are similar to the reference ceria sample obtained commercially. Two major peaks at 5731 
eV (A) and 5738 eV (B) are present in all the catalysts’ spectra. These peaks have been 
associated to the +4 oxidation state of Ce 178. The difference in the intensity of the peaks 
for various catalysts is related to the crystallite size of the catalysts. The larger the 
crystallite size of the materials, the higher the intensity of the A and B peaks, which is also 
consistent with the sizes obtained from XRD analysis (Table 3-1). A minor peak (C) at 
5727 eV indicates the presence of Ce species in the +3 oxidation state. The presence of the 
+3 and +4 oxidation states of Ce is consistent with the well-known redox nature of the 
catalysts, and also demonstrates that chemical nature of the unsupported ceria and ceria 
supported on alumina is the same. Hence, there are no interactions between ceria and 
alumina species in the supported materials that would change the electronic structure of the 
ceria.   
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Figure 3.2 Ce LIII-edge XANES spectra of unsupported and supported ceria 
 
Figure 3.3 Raman spectra of the ceria catalysts; 514 nm, 2 mW 
Figure 3.3 shows Raman spectra of the supported and unsupported ceria catalysts. 
A peak at ~ 470 cm-1, characteristic of CeO2 (Fg mode), was observed for all samples.
179 
This indicates presence of characteristic CeO2 domains in the catalysts. The absence of 
spectral features at 250, 268, 288, 383, 558 cm-1 denotes the absence of any interaction 
between Ce and Al species. These features have been observed on ceria dispersed on γ-
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alumina investigated by Shyu et al.179 and have been associated with a CeAlO3 species. 
Thus, results from XANES and Raman spectroscopy demonstrate the presence of 
independent CeO2 domains on the surface of α-alumina, without any intermixing with the 
alumina species, for all the α-alumina supported ceria samples. 
 
Figure 3.4 UV-VIS spectra of the ceria catalysts with different Ce loadings 
Nano-crystallites in a material can escape XRD detection due to their small crystal 
size. In such cases, UV absorption of materials can be used to detect their presence. Figure 
3.4 shows the UV spectra of both the supported and unsupported ceria catalysts. An 
absorption band at around 370 – 380 nm was observed for all the catalysts and has been 
attributed to inter-band transitions, which is in agreement with values in the literature for 
transmission on single ceria crystals.180 This observation is again an indication of no 
significant interactions between ceria and alumina species in the α-alumina supported ceria 
catalysts. Absorbance at lower wavelengths ≤ 375 nm indicated the presence of smaller 
crystallites (≤ 4 nm) that were not detected by XRD.180 
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TPR experiments of the alumina supported ceria materials and unsupported ceria 
were performed to analyze the reduction properties of the catalysts. Two major peaks were 
observed for both the unsupported and supported ceria, referred to here as the low 
temperature and the high temperature peak, respectively whose values are shown in Figure 
3.5. This is consistent with the reduction profiles for ceria reported by others in the 
literature.76,177 Unsupported ceria has higher temperature values for both the peaks than the 
α-alumina supported ceria (Figure 3.5). The presence of two peaks depicts the step-wise 
reduction of CeO2. The low temperature peak has been typically associated with the 
removal of surface oxygens of CeO2. The higher temperature peak is then associated with 
the progressive reduction of the bulk CeO2 after all the surface species have been reduced. 
Bulk ceria, when reduced, leads to formation of Ce2O3.
177 Visually this compound appears 
bluish black in color. All samples after the TPR runs turned bluish black, indicating the 
reduction of bulk ceria. 
 
Figure 3.5 Peak reduction temperature of unsupported and supported ceria 
materials from TPR analysis 
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3.3.2 Coking Resistance of α-Alumina Supported Ceria Catalysts 
 
Figure 3.6 Comparison of coking resistance of the supported ceria catalysts with 
unsupported ceria and the α-alumina support 
Metallic and acidic catalysts are well known to catalyze coke formation.25,181 
Inhibition of coke deposition requires the catalysts to also be coke – resistant. To 
demonstrate the coke resistance abilities of the ceria catalysts, in-situ coke deposition was 
performed in the TGA. Coke deposition on α-alumina (0 mol% Ce) was used as a reference 
case. In the previous study, it was demonstrated that in-situ coke deposition was 
independent of the catalytic support and that radical coke was deposited on the supports. 
Here, the support materials of equal surface areas were exposed to 2% ethylene in helium 
at 950 °C for 1 h. The amount of coke deposited on these supports is shown in Figure 3.6. 
The maximum amount of coke deposition was observed on the reference α-alumina 
support. All the ceria catalysts showed lower amounts of coke deposition. This observation 
can be attributed to the ability of ceria to provide oxygen to the deposited coke precursors 
for in-situ oxidation of coke species, slowing coke deposition to a degree. The bulk ceria 
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material had the least amount of coke deposited on its surface. To calculate the amount of 
oxygen that may be labile and thus given up by the ceria catalyst in the presence of the 
reducing hydrogen produced during pyrolysis of ethylene, the catalysts went through the 
same thermal treatment as the pyrolysis reaction in the presence of 1.5 vol.% hydrogen 
alone. Table 3-3 shows the values for isothermal reduction of the catalysts and the amount 
of coke deposition observed on them. For the highest (20 mol% Ce) and lowest (CeO2) 
amounts of coke deposited, there is a clear correlation with the weight loss of catalysts, 
which may be related to reduction of the catalysts, and correlates with the amount of 
oxygen released by the catalyst under pyrolysis conditions. For the other catalysts, the 
resolution between the values for the weight loss of catalyst in presence of hydrogen is 
quite low and hence comparison is difficult. 
Table 3-3 Weight loss of catalysts during exposure at 950 °C, 1.5 vol.% H2 in N2 
Catalyst Weight loss (%) 
in H2 atmosphere 
Coke 
deposition (mg) 
20-CeO2-Al2O3 1.17 1.7 
50-CeO2-Al2O3 1.90 1.2 
65-CeO2-Al2O3 1.88 1.5 
80-CeO2-Al2O3 1.95 1.6 
CeO2 2.06 0.44 
Raman analysis is an effective way to determine the type of carbon species in the 
coked samples. Deconvolution of the Raman peaks reveals interesting information on the 
amorphous carbon content in the coke samples. Raman spectra of in-situ coke was 
deconvoluted into five peaks (G, D1, D2, D3, D4), where D3 is the amorphous carbon peak 
observed at 1500 cm-1.168 Sadezky et al. found that fitting the G, D1, D2, D4 peaks as 
Gaussian and the D3 peak as Lorentzian gave the best fit for the spectra.
168 Similar 
deconvolution analysis was used for obtaining Raman parameters for the different coked 
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samples. The heterogeneity of the coke samples was studied by measuring the Raman 
spectra at different spots on the sample. The relative intensity of the amorphous carbon is 
given by equation 12:169 
 
Figure 3.7 Deconvolution of Raman spectra of coked catalyst samples comparing the 
relative amorphous nature of the coke deposited in-situ on the various materials. 
Figure 3.7 shows the amount of amorphous carbon in the coke deposited on the 
ceria catalysts in comparison with the bare α-alumina support. Coke formed on the α-
alumina had lower amorphous content than the coke formed on the ceria catalysts. These 
data demonstrate that ceria catalysts not only reduced the amount of coke deposition 
relative to the -alumina, but the deposited carbon also formed less hard coke under the 
conditions used. This observation can be attributed to the ability of ceria to oxidize coke 
precursors as they become deposited on the surface of the powder catalyst. Ceria catalysts 
thus appeared to not only reduce the amount of coke deposited but also to reduce the 
hardness of the deposited coke. 
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3.3.3 Temperature Programmed Oxidation Studies of Coke using α-Alumina Supported 
Ceria 
To investigate the activity of the ceria catalysts towards oxidation of coke, 
temperature programmed oxidation studies were performed under two coke – catalyst 
contact conditions. For the tight contact conditions (Figure 3.8a), uncatalyzed (0 mol% Ce) 
industrial coke oxidized at a very high T50 (temperature at which 50% of the coke was 
oxidized) value of ~ 650 °C. This value reduced significantly (by ~100 °C) in the presence 
of the ceria catalysts. All the ceria catalysts reduced this T50 value to a comparable degree, 
as shown in Figure 3.8a. For in-situ deposited coke, Figure 3.8b demonstrates that the coke 
deposited on α-alumina (0 mol% Ce) had the highest T50 value (~ 550 °C) and hence, was 
the most difficult to oxidize. This observation is likely related to the hardness of the coke, 
as seen in section 3.3.2, and the low catalytic activity of α-alumina towards coke oxidation. 
The presence of ceria in the catalyst reduced the T50 value by ~ 150 °C for all ceria-
containing materials (Figure 3.8b).  Oxidation of coke on α-alumina supported ceria and 




Figure 3.8 T50 values for oxidation of (a) industrial coke (b) in-situ coke 
3.3.4 Catalytic Activity of Coke Combustion over Ceria-Alumina 
To measure the kinetics of the catalytic oxidation of coke, isothermal experiments 
were performed on the tight contact coke – catalyst mixtures and the in-situ coked catalysts. 
The lower temperatures were chosen for isothermal studies such that non-catalytic 
oxidation of coke was kept relatively low. As shown in Figure 3.9, at 450 °C and in the 
presence of a ceria-containing catalyst, the catalytic activity was improved compared to 
experiments using the ceria-free alumina support. However, the differences in the kinetic 
constants for the catalysts with different ceria content were minimal. At an increased 
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temperature of 500 °C, the catalytic effect was significantly enhanced. The catalytic 
activity of the 50-CeO2- Al2O3 material was five times that of the uncatalyzed oxidation. 
Unsupported ceria showed the lowest catalytic activity at both temperatures for the tight 
contact conditions. The 20-CeO2-Al2O3 material showed increased catalytic activity as 
compared to the un-catalyzed oxidation. As the mol% Ce was increased from zero to 50%, 
the catalytic activity increased. However, after 50 mol% Ce loading, the activity remained 
steady without any further improvement. This behavior was observed for both the coke-
catalyst contact conditions, indicating the similarity of in-situ and tight contact conditions, 
with both exhibiting intimate contact between the coke and catalyst particles. However, 
after 50 mol% Ce loading, the activity remained steady without any further improvement. 
Similar catalytic behavior was observed for in-situ catalyst contact, as observed in Figure 
3.10, indicating the similarity of in-situ and tight contact conditions. As shown in Figure 
3.10 coke deposited on the α-alumina support did not oxidize at all, which is likely 
primarily related to the lack of redox activity of the α-alumina. The in-situ coke deposited 
was more amorphous than the industrial coke sample and hence, the temperature chosen 
for kinetic studies was lower for the in-situ coke. As a result, the reaction rates cannot be 
compared for the two temperature ranges, as the nature of the carbon species used was 
different.58  
Similar isothermal experiments were carried out in the absence of oxidizing gas 
under helium flow at 450 °C. Industrial coke did not show any weight loss in the absence 
of a catalyst as well or oxidizing agent. As expected, the reaction progressed significantly 
slower as compared to studies where air was present. In the presence of a catalyst, the 
weight loss followed a zero order rate model. This observation demonstrates the ability of 
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the ceria catalyst to provide oxygen to the carbon species in the absence of gaseous oxygen. 
No weight loss occurred when a similar heat treatment was given to bare catalysts without 
coke, indicating the weight loss observed during isothermal oxidation experiments was 
entirely due to loss of carbon species. The rate constants for oxidation in air were calculated 
for the 0-10% conversion region of the industrial coke for the uncatalyzed (no catalyst) as 
well as catalyzed reactions, as shown in Table 3-4. The theoretical total surface oxygen 
species that are available on the ceria catalysts were calculated based on the average 
exposure of 111, 110 and 100 crystal planes of ceria, assuming Al atoms were not reduced 
and one out of four Ce atoms was reduced 182. As the theoretical amount of surface oxygens 
in the sample increased, the rate of gasification of carbon under inert conditions increased 
too, implying the importance of surface oxygen release by ceria leading to carbon 
oxidation. This theoretical value calculates only the contribution from surface oxygen 
species as opposed to bulk oxygen species, which are active at the high temperature of 950 
°C used for measuring the hydrogen consumption in Table 3-3. Hence, the order of 
magnitude observed for values in Table 3-3 and Table 3-4 cannot be directly compared. 
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Figure 3.9 Kinetic studies for oxidation in tight coke-catalyst conditions with the 
industrial coke sample at 500 °C in air 
 
 
Figure 3.10. Kinetic studies for oxidation using in-situ coke-catalyst contact 




Table 3-4 Rate constants for gasification of coke in inert gas environment 
Catalyst Rate constant, 
industrial coke, inert 






- 0.0000 - 
20-CeO2-Al2O3 0.0004 2.1 
50-CeO2-Al2O3 0.0008 5.7 
65-CeO2-Al2O3 0.0007 6.7 
80-CeO2-Al2O3 0.0006 4.4 
CeO2 0.0009 37.5 
3.3.5 Relating Catalytic Activity to Surface Oxygen Content 
Temperature programmed reduction curves showed that the α-alumina supported 
ceria samples had a lower overall reduction temperature than bulk ceria. Surface reduction 
of the ceria also improved when ceria was dispersed over alumina. The amount of surface 
oxygen available for reduction up to a specific temperature was calculated from the TPR 
data, as discussed above. This majority likely consisted of surface lattice oxygen species 
due to the low temperatures used for coke oxidation. However, the possibility of 
contribution from bulk lattice oxygens cannot be neglected. A good correlation was found 
between the available ceria lattice oxygen species and the kinetic rate constants calculated 
from the isothermal oxidation data. Interestingly, this observation was observed for both 
the tight contact (Figure 3.11) and in-situ coke – catalyst (Figure 3.12) contacting 
conditions. This strengthens the previous observation that in-situ coke – catalyst contact 
showed similar oxidation behavior as tight contact conditions.  
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Figure 3.11 Relating the reaction rate constant to ceria lattice oxygen availability for 
tight coke-catalyst contact 
 
Figure 3.12 Relating the reaction rate constant to ceria lattice oxygen availability for 
in-situ coke - catalyst contact 
3.4 Proposed Mechanism of Coke Oxidation over α-Alumina Supported Ceria 
In the previous section, it was demonstrated that the lattice oxygens from ceria were 
responsible for the observed enhanced activity towards oxidation of coke. Based on this 
observation, a mechanism of coke oxidation is proposed. 
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Figure 3.13 Schematic representation of the mechanism of coke oxidation on ceria 
and supported ceria catalysts 
Figure 3.13 shows a schematic of in-situ coke formation and the hypothesized 
mechanism of coke oxidation using the ceria catalysts. During pyrolysis, coke is formed 
on both ceria and α-alumina. Since it has been shown that individual ceria domains of 
varied crystallite sizes exist on the surface of the α-alumina support, the schematic shows 
only ceria as the catalytic surface. As seen from the TPR results, ceria has two types of 
lattice oxygens available for reduction, namely surface oxygens and bulk oxygens. Based 
on the temperature range of coke oxidation, the contribution of bulk oxygen changes and 
as expected, it increases with temperature. In the proposed mechanism, under the 
conditions used here, primarily surface lattice oxygen are thought to participate in the 
oxidation reactivity. It is proposed that surface lattice oxygen from ceria forms an active 
species (O*) at the coke – ceria interface. This active species reacts with coke to form 
volatile carbon oxides. Gaseous oxygen fills the oxygen vacancy formed by the loss of 
oxygen. Simultaneously, there is increased mobility in the bulk of ceria and diffusion of 
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bulk lattice oxygens to the surface that can fill up the oxygen vacancies. This mechanism 
has been proposed for ceria – zirconia materials for soot oxidation,80 and CO oxidation,183 
ceria,172 ceria – lanthana,75,76 copper – ceria for CO oxidation,184 etc. previously. 
3.5 Conclusions 
Thermally stable ceria supported on α-alumina and unsupported ceria appeared to 
be resistant to coking and useful in the oxidation of coke deposits under realistic in-situ 
contact conditions. Using α-alumina as the support renders these catalysts suitable for high 
temperature applications like steam cracking, pyrolysis, solid oxide fuel cell for use up to 
~ 1000 °C. Surface characterization of catalysts by XANES and Raman spectroscopy 
revealed the presence of independent CeO2 domains with no significant electronic 
interactions with the alumina support. XRD gave evidence of large crystallites and smaller 
crystallites were inferred to exist based on UV-Vis spectroscopy. Two types of coke – 
catalyst contact were investigated for coke oxidation, tight contact between the catalysts 
and industrial coke and in-situ contact where carbon was deposited directly on the catalysts. 
Ceria catalysts were observed to show coking resistance when compared to bare α-alumina 
support during in-situ coking. This ability was qualitatively related to the ability of ceria 
catalyst to release oxygen in a reducing environment. The oxidation performance was 
probed by temperature programmed and isothermal oxidation studies. In both coke-catalyst 
contact conditions, α-alumina supported ceria materials were observed to have better 
oxidation capability towards the coke deposits than bulk ceria. The kinetics of coke 
oxidation were correlated to the availability of ceria lattice oxygen, which was obtained 
from temperature programmed reduction studies. The similarity observed for the behavior 
of coke oxidation activity in these two contact conditions indicates that in-situ coke – 
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catalyst contact mimics tight contact conditions. A mechanism involving lattice active 
adsorbed oxygen species causing oxidation of coke particles was proposed. 
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CHAPTER 4. DOPED CERIA CATALYSTS FOR STEAM 
GASIFICATION AND OXIDATION OF COKE 
4.1 Background 
In the steam cracking process, steam is used as a diluent to reduce coke formation 
during the cracking phase. As mentioned in chapter 1, many dopants have been used 
previously for improving the catalytic performance of ceria towards oxidation of coke. Zr 
has been found to be one of the best dopants that increases the oxygen vacancies and hence 
helps in oxidation of carbon at lower temperatures. Our collaborators from the University 
of Virginia have worked with Ce-Zr mixed oxide materials for coke oxidation and 
gasification. Hence, this work has explored other elements that could potentially help in 
aiding the gasification activity of ceria.  
Transition metals like Cu, Co, Mn, Fe have been useful in improving the catalytic 
activity of ceria towards carbon oxidation, as explained earlier in chapter 1. While choosing 
a catalyst for this particular application of decoking in steam cracking, choosing a catalyst 
that does not propagate the catalytic coke formation is critical. Fe and Ni have been known 
to catalyze coke formation and were hence, eliminated. The transition elements considered 
for the specific steam cracking application include Co, Cu and Mn.  
Alkali and alkaline earth materials have also been very useful in improving catalytic 
activity towards gasification of coke. However, elements like potassium are volatile in 
nature at the high temperatures (800 °C) used in steam cracking operation. Although K has 
the excellent property of increasing oxygen mobility, it is not feasible to use such catalysts 
 91 
in this particular operation. To explore the effect of alkali metals, Sr, which is a less volatile 
element, is used as a dopant for ceria. 
Rare-earth element doping has shown significant improvement in the oxidation 
properties of ceria.74,85,100,101 However, the disadvantage of using rare-earth elements is the 
high cost of these materials. In this steam cracking application, if all steam cracking 
furnaces are coated with a catalyst that shows good activity for carbon removal, the 
technology must be economical. Ceria and the α-alumina support used for coke oxidation 
are quite inexpensive materials and the dopant should be at par with these materials in 
terms of cost. Despite its high cost, in this work we have explored gadolinium as the rare-
earth element representative, based on its performance in initial screening experiments. Gd 
has been used extensively for carbon oxidation in solid oxide fuel cells (SOFC) where 
carbon deposition takes place on the electrodes.174,185 Gd doped ceria catalysts are used to 
provide oxygen for the carbon deposits and their immediate oxidation.186 Hence, use of Gd 
in this coke removal application may be appropriate due to its coke resisting capability, 
especially if the loadings are kept low.  
In the industrial process, a mixture of steam and air is used for removal of coke from 
steam cracking furnaces. Steam is used for the cracking cycle and the same steam flow is 
continued for the decoking cycle. Air is introduced into the cracking furnace over a period 
of time as per need. A significant portion of the reactive gas during the decoking cycle is 
steam which makes it necessary to evaluate and develop catalysts that are stable as well as 




4.2.1 Catalyst Synthesis 
Ceria loaded α-alumina materials were prepared by a wetness impregnation method 
using cerium nitrate hexahydrate (Ce(NO3)3.6H2O, Sigma Aldrich) as the cerium precursor 
and α-alumina as the support (Sigma Aldrich, corundum, -100 mesh, 99%). The mixture 
was dried at 110 °C overnight and calcined at 1100 °C for 8 h at a heating rate of 1 °C/min 
in air. The synthesized catalysts are denoted as x-CeO2-Al2O3, where x denotes Ce/(Ce+Al) 
atomic ratio in the catalyst sample. Doped ceria catalysts were prepared by vigorously 
mixing citric acid, P-123, cerium nitrate hexahydrate, dopant nitrate tetrahydrate, α-
alumina. The mixture was dried at 110 °C overnight and calcined at 900 °C for 8 h at a 
heating rate of 1 °C/min in air. Doped ceria catalysts are represented as yZCeAl where Z 
denotes the dopant and y denotes the Z/(Z+Ce) atomic ratio in the sample, while Ce:Al is 
1:1. For comparison, an undoped ceria – α-alumina catalyst (denoted as CeAl) was 
prepared in the same manner as the doped catalysts. An industrial coke sample was 
obtained from the Dow Chemical Company. 
4.2.2 Catalyst Characterization 
Catalyst samples were characterized by nitrogen physisorption, X-ray diffraction, 
Raman spectroscopy and measurement of the oxygen storage capacity. Nitrogen 
physisorption isotherms were collected at -196 °C using a Micromeritics Tristar II. The 
samples were heated to 200 °C under vacuum for 10 h prior to the analysis. The data 
obtained were used to calculate surface areas for the various powders. The powders were 
characterized by X-ray diffraction (XRD) using Cu K α radiation. The instrument was 
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operated at 40 mA and samples were packed into a horizontally mounted sample holder. 
The crystallite sizes were estimated using the Scherrer equation. A Witec confocal Raman 
microscope (Alpha 300R) was used to obtain Raman spectra for the fresh and coked 
catalysts with an Ar+ ion laser (λ = 513.998 nm) using a 2 mW excitation source intensity 
and 1800 grating with < 0.9 cm-1 pixel resolution. A magnification of 50x was used. A 
dense sample layer of about 1 mm thickness was pressed onto a cover slip with the help of 
a spatula. This coverslip was then placed on the microscope sample holder. A white light 
source was used to focus on the surface of the sample. After focusing on a spot, the sample 
was exposed to the laser beam and the Raman spectra were recorded at ambient 
temperature.  
X-ray absorption spectroscopy (XANES and EXAFS) were conducted at the 
Advanced Photon Source (APS), Argonne National Lab (ANL) at beamline 12-BM. The 
data were obtained in transmission mode at the Ce L-III edge (5723 eV) in the range of 
5525-6150 eV, with a spot size of 0.5 mm x 1.2 mm. Each sample was ground thoroughly 
and then a thin layer of powder was rubbed onto Kapton tape. The tape was folded multiple 
times to achieve a proper edge step. Cr K-edge (5989 eV) was utilized as the reference due 
to the multiple Ce edge steps between 5525-6150 eV, which make it difficult to use as a 
reference material. After collection, Athena software conducted background removal, 
edge-step normalization, and Fourier transform on each XAS spectrum. Artemis software 
was utilized to fit the Fourier transformed EXAFS data with a model. The Ce-O scattering 
path was modelled from crystallographic data obtained from CeO2
187 and then processed 
using FEFF8.188 
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Temperature programmed reduction (TPR) experiments were performed on a 
Micromeritics AutoChem 2920.  The samples were pretreated at 150 °C in He for 1 h to 
remove volatile species. Approximately 40 – 50 mg of the sample was heated at a constant 
rate (5 °C/min) from room temperature to 900 °C in 10% hydrogen in argon (30 mL/min), 
in a U-shaped quartz tube. The water produced was removed by passing the effluent gas 
through a cold trap (a mixture of acetone and liquid nitrogen). Hydrogen consumption was 
monitored by a thermal conductivity detector. For quantitative analysis, the instrument was 
calibrated with the reduction of Ag2O.  
Oxygen storage capacity measurements were performed on a Micromeritics 
AutoChem 2920. Approximately 40 – 50 mg of the samples were pre-oxidized at the 
desired temperature in 10% O2 in He for 1 h to completely oxidize the catalytic cerium 
species, in a U-shaped quartz tube. Pulses of 10% Hydrogen in Ar were then passed on the 
sample every 4 minutes. A total of thirty pulses were used. The sum of the total hydrogen 
consumed in every pulse gave the oxygen storage capacity of the catalysts.   
4.2.3 Coking Resistance 
A customized thermogravimetric analyzer (TGA, NETZSCH, STA449F3 
Jupiter®) was used for in-situ generation of radical coke (coke formed in gas phase) and 
to study coke oxidation. The methodology used for these experiments is described in detail 




4.2.4 Catalytic Activity  
The catalytic activity of these catalysts was measured for steam gasification and 
coke oxidation as well.  
4.2.4.1 Temperature Programmed Oxidation and/or Gasification 
In this work, experiments involving steam are denoted as gasification while the 
ones with air are called as oxidation experiments. Temperature programmed oxidation 
(TPO) and gasification (TPG) experiments were performed on the NETZSCH TGA. This 
TGA was customized for handling pure steam at temperatures up to 1200 °C. A steam 
generator was connected to the TGA furnace with a heated transfer line (180 °C) which 
also had a bypass line. The steam generator consisted of a water tank which was filled with 
deionized water (resistivity 18.2 MΩ.cm) with the help of a syringe. The water tank was 
refilled before it went empty. The steam generator was maintained at 180 °C to avoid 
condensation. The generator was heated for one hour before starting an experiment. The 
water tank was purged with helium for 20 min to remove dissolved oxygen. The steam 
generator consisted of a 15 μm filter which trapped the impurities in the water to avoid 
contamination of the weighing balance. When the desired temperature of the furnace was 
reached, the steam flow was initiated on the TGA software. To avoid lag caused because 
of the time taken for the water to evaporate, form steam and for the steam to flow through 
the transfer line into the furnace, the steam was bypassed into a beaker filled with deionized 
water for 30 min. The steam flow also took some time to stabilize and provide constant 
flow. Once a stable flow of steam was reached, the steam flow was directed into the 
furnace. To avoid condensation in the furnace, the temperature of the furnace during the 
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gasification measurements was always maintained above 125 °C. An extended heated line 
(150 °C) was attached to the outlet of the furnace to avoid condensation of steam. 
An industrial coke sample obtained from the Dow Chemical Company was used as 
the source of carbon. A small amount of industrial coke and catalyst in the ratio 1:9 were 
ground in a mortar and pestle for 45 min to achieve tight contact conditions. The TGA was 
used to determine the reactivity of the coke deposited on various catalyst materials. For 
these measurements, 15 mg of the coke – catalyst mixture was placed in an alumina 
crucible. The temperature was raised from room temperature to 950 °C at a rate of 10 
°C/min in the presence of air (100 mL/min) and at a rate of 5 °C/min in the presence of 
pure steam (4.4 g/h). The rate of mass loss was used to compare the activity of catalysts. 
The catalysts were also tested for their activity in the presence of both air and steam. As 
mentioned earlier, industrial operation would involve use of mainly steam mixed with air. 
Hence, temperature programmed studies at a heating rate of 10 °C/min were also performed 
in a mixture of 90% steam and 10% air. This process will also be referred to as gasification 
since the mixture mainly contains steam. 
4.2.4.2 Isothermal Oxidation and Gasification 
Isothermal oxidation and gasification experiments were carried out on the 
NETZSCH TGA by heating the coke – catalyst sample to the desired temperature under 
helium flow. Once the desired temperature was reached, air (oxidation) or pure steam 
(gasification) was introduced into the furnace. The steam flow rate was kept at 4.4 g/h for 
these measurements. Rate constants were obtained by fitting the mass loss data to a first 
order rate equation. The data from 0 – 50% conversion were used to calculate the rate 
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constants. Isothermal studies were also performed in the absence of any oxidizing agent 
under helium/nitrogen flow to establish a baseline or to study the effect of surface oxygen 
species present on the doped ceria catalysts.  
4.2.4.3 Temperature Programmed Hydrogasification of Coke 
In the steam cracking operation, ethane cracks at high temperature to form ethylene. 
In this process, large amount of hydrogen is formed in the reactor. The amount of hydrogen 
at the exit of the furnace is ~ 30 vol%. Hydrogen can act as a reducing agent for the catalysts 
and can lower the catalytic activity of the ceria catalysts. Hence, it is extremely important 
to understand the behavior of the catalysts in the presence of hydrogen as the gasifying 
agent alone. To this effect, temperature programmed hydrogasification (TPHg) 
experiments were performed on the NETZSCH TGA. The TGA was used to determine the 
reactivity of the coke deposited on various catalyst materials. For these measurements, 15 
mg of the coke – catalyst mixture was placed in an alumina crucible. The temperature was 
raised from room temperature to 950 °C at a rate of 5 °C/min in the presence of 1.5% H2 
in N2 (100 mL/min). Due to safety reasons, the amount of hydrogen that could be used in 
the experiments was limited to below the lower flammability limit of hydrogen in nitrogen. 






4.3 Results and Discussion 
4.3.1 Catalyst Characterization 
For undoped ceria catalysts prepared by wetness impregnation the detailed 
characterization has been specified in the previous chapter (Section 3.3.1). This chapter 
will hence summarize the characterization of doped and undoped ceria – alumina catalysts 
prepared by the one-pot method.  
Figure 3.1 compares the XRD patterns for α-alumina supported doped ceria 
catalysts. No significant change was observed in the crystallinity of the ceria domains in 
the doped samples. Diffraction peaks corresponding to fluorite structure of CeO2 (28.6°, 
33.3°, 47.5°, 56.4°)177 were well defined in the diffractograms of the composites. No peaks 
for oxides of the dopants were observed in the XRD patterns indicating either very small 
crystallites that have escaped the detection or high dispersity of these domains on the 
alumina surface. Peak broadening was used to determine crystallite size based on the (111) 
plane of ceria. These sizes were in the range of 25 – 45 nm, as summarized in Table 4-1. 
Gd and Sr doped samples particularly seemed to have lower crystallite sizes as compared 




Figure 4.1 XRD patterns for doped ceria catalysts 
Table 4-1 Crystallite sizes of the ceria (111) plane at θ ~ 28° for doped ceria catalysts 








The surface areas of the various materials are summarized in Table 3-2. Since, the 
surface areas were very low, around 1.5 – 2 g of the catalysts were used for physisorption 
analysis. Catalysts doped with other elements had surface area higher than the undoped 
catalyst. Similar to the undoped catalysts mentioned in chapter 3, from the physisorption 
experiments, it was observed that the catalytic materials were highly non-porous in nature. 
This is attributed to the non – porous nature of the commercial α-alumina support that was 
used, as well as the high calcination temperature. Both aspects make these catalysts 
thermally stable so they can be used in high temperature applications.  
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Table 4-2 Textural properties of doped and undoped supported ceria catalysts 







Figure 4.2 Raman spectra for doped ceria catalysts showing the dominant Ce-O 
interaction peak 
Raman spectra for the doped catalysts are demonstrated in Figure 4.2. A peak at ~ 
470 cm-1, characteristic of CeO2 (Fg mode), was observed for all samples.
179 This indicated 
the presence of characteristic CeO2 domains in the catalysts. The absence of spectral 
features at 250, 268, 288, 383 cm-1 denoted the absence of any significant interactions 
between Ce and Al species. These features have been observed on ceria dispersed on γ-
alumina investigated by Shyu et al179 as mentioned earlier in chapter 3 and have been 
associated with a CeAlO3 species. There was an extra peak observed for the Mn catalyst 
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denoting the presence of Mn3O4 species. The Gd sample showed an extra peak at ~550 cm
-
1, which was attributed to the oxygen vacancies present in the sample.  
 
Figure 4.3 XANES spectra for doped and undoped ceria catalysts 
Figure 4.3 XANES spectra for doped and undoped ceria catalysts showed that 
XANES spectra for doped and undoped α-alumina supported ceria were similar. Two 
major peaks at 5731 eV (A) and 5738 eV (B) were present in all the catalysts’ spectra. 
These peaks have been associated to the +4 oxidation state of Ce.178 A minor peak (C) at 
5727 eV indicated the presence of Ce species in the +3 oxidation state. The presence of the 
+3 and +4 oxidation states of Ce was consistent with the well-known redox nature of the 
catalysts, and also demonstrated that the chemical nature of the unsupported ceria and ceria 
supported on alumina is the same. Hence, there were no significant interactions between 
the ceria and alumina species in both the doped and undoped materials that would change 
the electronic structure of the ceria. Thus, results from XANES and Raman spectroscopy 
demonstrate the presence of independent CeO2 domains on the surface of α-alumina, 




Figure 4.4 EXAFS spectra for the doped and undoped ceria catalysts 
Figure 4.4 shows the EXAFS spectra for the doped and undoped ceria catalysts. 
After the 1st shell fitting with the spectrum, the Ce-O bond distance was calculated as 
shown in Table 4-3. The lower bond distance for the prepared catalysts as compared with 
the standard ceria implied the incorporation of either Al, Gd, Sr, Mn into the ceria matrix. 
The presence of α-alumina along with dopants made it difficult to interpret the results 
accurately and distinguish between the two elements. One notable result in this analysis 
was the high Debye-Waller factor for the Gd catalyst, which demonstrated the higher 
dispersion of Gd. The dispersion factor is also higher for the Sr catalyst. The bond distance 
for Ce-O was less for the Gd and Mn doped catalysts and could be attributed to the 
formation of oxygen vacancies. The atoms around a vacancy tend to repel away from the 
vacancy, distorting the lattice and pulling the neighboring oxygen atoms closer to the Ce 
atoms. Detailed EXAFS fittings are provided in Figure B1, Figure B2, Figure B3 and 
Figure B4 in Appendix B. 
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Table 4-3 EXAFS results for analysis of Ce-III edge(a) 
Catalyst Bond distance 
Ce-O (Å)b 
Δσ (10-3 Å2)c ΔE0 (eV)d R factor 
Standard CeO2 2.328 ± 0.018 6.0 ± 3.0 6.9 ± 1.4 0.012 
CeAl 2.328 ± 0.017  6.3 ± 2.8 6.5 ± 1.6 0.016 
10SrCeAl 2.328 ± 0.018  6.9 ± 3.2 6.9 ± 1.5 0.014 
10MnCeAl 2.324 ± 0.020  6.3 ± 2.9 6.8 ± 1.5 0.015 
10GdCeAl 2.318 ± 0.022  8.0 ± 3.5 6.9 ± 1.4 0.013 
[a] Fitting parameters: Fourier transform range, Δk, 2.2-10.0 Å-1 with weighting k2. The R-
range was 1.2- 2.4 A and the coordination number for Ce-O was maintained at 8.  
[b] radius  
[c] Debye-Waller Factor 
[d] edge energy 
 
4.3.2 Catalytic Activity 
4.3.2.1 Temperature Programmed Gasification and Oxidation 
To investigate the activity of the doped ceria catalysts towards gasification of coke 
in the presence of steam, temperature programmed gasification studies were performed. As 
can be seen in Table 4-4, the range of T50 (temperature at which 50% of the coke was 
gasified under steam) was higher by ~ 200 °C as compared to the air oxidation values seen 
in chapter 3. This indicated that steam was a mild gasifying agent as compared to air and 
might provide oxygen for combustion at a slower rate comparatively. With the undoped 
ceria catalyst prepared by wetness impregnation (50-CeO2-Al2O3) as well as one-pot 
method (CeAl), a reduction of ~ 20 °C was observed for the gasification of industrial coke. 
This activity was further improved by incorporating dopants into the ceria matrix. Co was 
the least active, followed by copper. Gadolinium, strontium and manganese showed similar 
activity with a reduction of ~ 65 °C as compared to the uncatalyzed gasification.  
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Table 4-4 T50 values for steam gasification of industrial coke 









These catalysts were also used for carrying out oxidation of industrial coke samples 
in the presence of air. The TPO curves are shown in in Figure 4.5. As can be seen, the Gd 
and Mn samples particularly helped in shifting the curve to the left and also helped reduce 
the high temperature peak at ~ 700 °C. Since, Gd and Mn showed high activities for both 
gasification and oxidation, they were chosen for further analysis. Sr which demonstrated 
good activity for gasification was also chosen as a potential candidate for the dopant since 
the industrial decoking step will primarily constitute steam as the gasifying agent.  
 
Figure 4.5 TPO curves for oxidation of coke using doped ceria catalysts 
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Table 4-5 Catalytic activity for gasification of industrial coke in steam-air mixtures 






 When a mixture of steam and air was used for gasification of coke through 
temperature programmed runs, once again Gd came out the best of all dopants and showed 
a reduction of the gasification temperature by ~ 125 °C (Table 4-5). This reduction quantity 
is double that seen in steam gasification and of the same order of magnitude as the air 
oxidation. This observation indicates that gasification in the presence of steam-air mixtures 
is mainly governed by air. Sr and Mn doped ceria also showed similar activity as undoped 
ceria. As illustrated before, Mn is more active than Sr during oxidation while Sr is more 
active than Mn during gasification. The similar activity shown by Sr, Mn in steam-air 
mixture could be due to the dominance of the faster oxidizing agent air as compared to 
steam. 
4.3.2.2 Isothermal Oxidation and Gasification of Coke 
To measure the kinetics of the catalytic gasification of coke, isothermal 
experiments were performed on the tight contact coke – catalyst mixtures. A relatively low 
temperature was chosen for isothermal studies such that the non-catalytic gasification of 
coke was kept relatively low. A first order rate law was used to fit the mass loss of the 
carbon in the catalyst-carbon mixtures. As shown in Table 4-6, at 750 °C and in the 
presence of a ceria-containing catalyst, the catalytic activity was improved and was almost 
twice when compared to experiments using the uncatalyzed coke. However, the differences 
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in the kinetic constants for the undoped catalysts with different ceria content were minimal. 
Ceria – alumina with Ce:Al ratio of 1:1, prepared by wetness impregnation, showed similar 
activity to the one prepared by the one-pot synthesis method. When ceria was doped with 
Gd or Sr, the activity towards gasification significantly improved, while Mn showed a 
slight improvement in activity. During air oxidation, Sr and Mn had lower reaction rates 
than the Gd catalyst as well as the undoped ceria catalysts. Gd doped ceria showed similar 
rate constants as the undoped ceria catalysts supported on alumina in the presence of air. 
Gd turned out to be the best catalyst for both steam gasification as well as air oxidation of 
coke. 
Table 4-6 Rate constants for ceria catalysts for steam gasification (100% steam, 4.4 
g h-1) and air oxidation of coke 
Catalyst Rate constant, steam, 
750 °C, (min-1) 
Rate constant, air, 
500 °C, (min-1) 
Uncatalyzed 0.0016 0.0040 
20-CeO2-Al2O3 0.0028 0.0180 
50-CeO2-Al2O3 0.0026 0.0260 
65-CeO2-Al2O3 0.0029 0.0255 
80-CeO2-Al2O3 0.0028 0.0250 
CeO2 0.0031 0.0120 
CeAl 0.0030 0.0140 
10MnCeAl 0.0034 0.0152 
10SrCeAl 0.0047 0.0099 
10GdCeAl 0.0050 0.0248 
4.3.2.3 Temperature Programmed Hydrogasification of Coke 
In the hydrogasification experiments, only hydrogen was used as the gasifying 
agent to understand the behaviour of these catalysts under a reducing atmosphere.  
The Gd doped ceria catalyst was hydrogasified without coke and with coke. As seen in 
Figure 4.6, until 600 °C, no weight loss was observed for the sample containing no coke 
(black curve) indicating negligible reduction of the Gd catalyst. After 600 °C, increased 
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weight loss indicated catalyst reduction. When coke was mixed with the catalyst (red 
curve), ~ 1.5% of weight loss was seen below 600 °C implying the gasification of coke in 
the presence of hydrogen. After 800 °C, the weight loss was more when coke was present 
as compared to the case where coke was absent. This suggested coke gasification took 
place in the presence of hydrogen too. Carbon can combine with hydrogen at high 
temperatures to form volatile CHx fragments.
58 
 
Figure 4.6 Hydrogasification of industrial coke in the presence of 10GdCeAl and 
10MnCeAl 
In the presence of coke, the catalyst reduction should not be neglected. For the Gd 
catalyst, temperature programmed reduction (TPR) studies with 10% H2 in Ar showed a 
4.7% of weight loss. The order of magnitude of this quantity is comparable to the weight 
loss seen in the hydrogasification experiments. The absolute quantities cannot be compared 
due to the lower hydrogen pressure (3%) used in the hydrogasification experiments.  
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 For Mn catalyst, the weight loss in the presence of coke during hydrogasification 
was higher when compared to the Gd catalyst. This difference could be related to the higher 
reduction of the Mn catalyst (8.6 wt%) than the Gd catalyst (4.7 wt%) in the TPR studies. 
4.3.2.4 Coking Resistance 
The catalyst with the Mn dopant formed the lowest carbon amount during in-situ 
coke deposition experiments. Gd showed the next lowest coke loading (Table 4-7). When 
this coke formed was combusted, Gd, Mn and the undoped ceria catalyst showed low 
oxidation temperatures, unlike Sr, which inhibited the reaction similar to the oxidation of 
industrial coke, as shown in 4.2.4.1. On performing the isothermal oxidation experiments 
at 350 °C, Gd gave the highest reaction rate followed by the undoped ceria catalyst and the 
Mn doped catalyst. These rates are almost three times that of the undoped ceria catalysts 
prepared by wetness impregnation, shown in Section 3.3.4. As expected, Sr had a low 
oxidation rate, again similar to the industrial coke oxidation behaviour (4.2.4.2). In 
practical applications, Mn would be a better choice of catalyst due to its comparative coke 
gasification activity in steam, its high coke resistance, low cost and comparative coke 
oxidation rates in air as compared to the Gd doped catalyst.  
In the presence of coke, the catalyst reduction should not be neglected. For the Gd 
catalyst, temperature programmed reduction (TPR) studies with 10% H2 in Ar showed a 
4.7% of weight loss. The order of magnitude of this quantity is comparable to the weight 
loss seen in the hydrogasification experiments. The absolute quantities cannot be compared 
due to the lower hydrogen pressure (3%) used in the hydrogasification experiments.  
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 For Mn catalyst, the weight loss in the presence of coke during hydrogasification 
was higher when compared to the Gd catalyst. This difference could be related to the higher 
reduction of the Mn catalyst (8.6 wt%) than the Gd catalyst (4.7 wt%) in the TPR studies.    







Rate constant, min-1, 
air, 350 °C 
CeAl 2.86 385 0.070 
10GdCeAl 2.04 382 0.076 
10SrCeAl 2.26 450 0.015 
10MnCeAl 1.41 391 0.061 
4.3.2.5 Analysis of Spent Catalysts from the TPG Reaction 
 
Figure 4.7 Raman spectra for spent catalysts after steam gasification of coke 
Raman spectra of spent catalysts after the TPG reaction (Figure 4.7), demonstrated 
the stability of the Gd catalyst after exposure to pure steam at elevated temperatures. The 
oxygen vacancy peak for the Gd catalyst also remained after reaction although the intensity 
was lower than the fresh catalyst. For the Sr catalyst, the Ce-O interaction peak shifted left 
indicating loss of Sr from the ceria matrix. For the Mn catalyst, no shift in the ceria peak 
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was observed. However, the peak associated to the Mn3O4 species disappeared after 
reaction implying the chemical reduction of Mn oxides during the gasification process.  
Spent catalysts were also analysed by XRD and their crystallite sizes were 
calculated by the Scherrer equation (Table 4-8). They showed negligible difference in the 
crystallite size of ceria when compared to the fresh catalysts (Table 4-8). 
Table 4-8 XRD crystallite sizes of spent catalysts after TPG reaction 
Catalyst XRD crystallite size 




4.3.2.6 Oxygen Storage Capacity Measurements 
As mentioned in Section 1.4.2.2, the oxygen storage capacity of ceria materials has 
been related in the literature to the carbon oxidation activity in the absence of external 
oxygen. To compare the catalytic activity to the OSC, the OSC measurements were carried 
out at the same temperature as the isothermal gasification experiments, i.e. 750 °C, and the 
values are mentioned in Table 4-9. 
There was no correlation between the OSC and the catalytic activity of these 
catalysts, implying steam did not act like an inert gas, and was mildly oxidizing. This also 
suggests   steam can provide external oxygen to the carbon system for gasification. 
However, this external oxygen transfer was less as compared to transfer from air, as evident 
from the lower rates of gasification. 
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Table 4-9 OSC values for ceria catalysts, 750 °C 
Catalyst Oxygen Storage 





4.4 Proposed Mechanism of Steam Gasification of Coke 
The mechanism of steam gasification for different dopant types could be different. 
For a rare earth element, the presence of oxygen vacancies87 has been related to their ability 
to provide oxygen for carbon oxidation. In this work too, Gd doped ceria showed the 
presence of oxygen vacancies, which could be the major reason for the high activity of 
these catalysts towards coke gasification in steam. The oxygen vacancies created on the 
surface and the bulk increased the oxygen mobility in the catalyst making it easier to 
provide oxygen for oxidation of coke. There existed two sources of oxygen in this case, 
the lattice oxygen from the Gd doped ceria and the dissociation of steam.  
For alkaline earth metals, an oxygen transfer mechanism has been related to their 
gasification activity.189 In the work presented here, the presence of Sr in the ceria lattice 
created defects, and the high dispersion of the Sr species and the small crystallite size of 
ceria increased the rate of oxygen transfer for the oxidation of coke. The mechanism could 
be generalized as follows for an alkaline element X, 
 𝐻2𝑂 + 𝑋𝑥𝑂𝑦 ⇆ 𝐻2 +  𝑋𝑥𝑂𝑦+1  (1) 
 𝑋𝑂𝑦+1 + 𝐶 → 𝑋𝑥𝑂𝑦 + (𝐶𝑂) (2) 
 (𝐶𝑂) ⇆ 𝐶𝑂 (3) 
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The presence of active Mn3O4 species in the Mn doped catalyst as well as the 
presence of oxygen vacancies, likely would have been responsible for the supply of oxygen 
to the coke deposits for this catalyst.  
Further studies are needed to probe the detailed mechanism of action for these 
catalysts. 
4.5 Conclusions 
Doped ceria catalysts (10 mol%) with Co, Cu, Gd, Mn, Sr were successfully prepared 
using a one-pot synthesis method. All the dopants showed improved activity towards steam 
gasification of coke. Gd, in particular, was able to reduce the peak steam gasification 
temperature of coke by ~ 65 °C as compared to the uncatalyzed gasification. In addition to 
high activity in steam, Gd and Mn dopants also demonstrated improved activity for coke 
oxidation in air. Sr, on the other hand, lost its activity during coke oxidation. In the presence 
of steam – air mixtures, oxidation due to air dominated the process and Gd showed the best 
activity by reducing the gasification temperature by 125 °C. When hydrogen was used as 
the gasifying agent, reduction of the doped catalysts took place, along with gasification of 
the industrial coke. The high activity of Gd could be related to the oxygen vacancies 
(Raman spectrum), the smaller ceria crystallite size (XRD pattern) and the higher ceria 
dispersion (EXAFS). No correlation was found between the oxygen storage capacity and 
the gasification activity. This could be due to the ability of the steam to dissociate and 
provide oxygen to replenish the catalysts. For Mn doped ceria, the high activity in 
gasification and oxidation can be attributed to the presence of active species Mn3O4 and 
the presence of oxygen vacancies. The possible incorporation of Sr into the ceria lattice 
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and the smaller ceria crystallite size could be the reason for the high activity of the Sr doped 
catalyst for coke gasification in steam.  
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CHAPTER 5. CATALYTIC CERIA COATINGS FOR 
OXIDATION OF COKE 
The work mentioned in this chapter is carried out in collaboration with the  
Postdoctoral Research Fellow, Dr. Hyuk Taek Kwon, and the data are presented here with 
his permission. Reviewing literature, detailed planning of experiments, contributing 
intellectually was done by both researchers. Both were responsible for the operation and 
maintenance of the thermo-gravimetric analyzer for coking and decoking experiments 
while characterization and synthesis of the coatings was done by Dr. Kwon. 
5.1 Background 
As mentioned in chapter 1 Section 1.3, tremendous efforts have been directed to 
reduce the coke formed in steam crackers. Some of these efforts are in the area of coatings 
that act as a barrier between the hydrocarbon gases and the metallic walls of the reactor, 
thereby minimizing the formation of catalytic coke. In an attempt to take the project a step 
further, the catalytic powders (mentioned in previous chapters) that showed good activity 
towards coke oxidation were transformed into coatings on a metallic substrate and 
evaluated for their oxidation activity. This chapter describes how the coatings were 
synthesized and their performance towards coking resistance and oxidation. 
5.2 Materials and Synthesis 
Catalytic coatings were prepared on metallic substrates with Ni, Fe, Cr as a 
constituent as the steam cracking reactors are made up of these elements, among others. 
The aim was to try and find a substrate that could match with the alloy used in industrial 
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cracking furnaces. This section describes in detail the substrate chosen and the synthesis of 
the coatings. 
5.2.1 Choice of Metallic Substrate for Coatings 
The steam cracking operation is carried out at very high temperatures. Choice of 
the metallic substrate is largely dependent upon the thermal stability of the material at these 
high temperatures. The material that was chosen as a substrate in this case was Incoloy800, 
which is thermally stable up to a temperature of 850 °C. It is an alloy of Ni – 30-35%, Cr 
19-23% and Fe 39.5%. The Incoloy 800 sheets were 12 in x 12 in in size. These sheets 
were then cut into multiple coupons (1 cm x 1 cm). The weight of each coupon was ~ 800 
mg. 
5.2.2 Synthesis of Coatings 
Coatings were synthesized in two steps. First, α-alumina was coated on the fresh 
Incoloy 800 followed by coating of ceria on top of the α-alumina layer. The α-alumina 
slurry consisted of a solvent (Toluene (84 mL, Sigma Aldrich) + IPA (42 mL, Sigma 
Aldrich)), a plasticizer - dibutyl phthalate (0.7 mL, Sigma Aldrich), a dispersant - fish oil 
(0.4 mL, Sigma Aldrich), a homogenizer Triton-X (0.5 mL, Sigma Aldrich), a binder - poly 
(vinyl butyral-co-vinyl-alcohol co-vinyl acetate) 0.7 g, Sigma Aldrich, α-Al2O3 nano 
powder (~ 100 nm, 13.3 g, Inframat Advanced Materials). The slurry was prepared by 
mixing all the ingredients in a ball mill with the help of zirconia balls of 1 mm size bought 
from Inframat Advanced Materials. The Incoloy coupon was dipped in the α-alumina slurry 
for 30 s and dried for 1 min. This was done two times before each sintering step. The dried 
coupon was sintered in three steps:  
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1. calcination at 800 °C for 2 h 
2. calcination at 800 °C for 2 h 
3. calcination at 850 °C for 48 h 
Once the α-alumina coating was ready, ceria was dip-coated on top in two ways.  
1. Precursor method: This method involved forming a solution of cerium nitrate 
hexahydrate (3 g) in methanol (15 mL) 
2. Sol-gel method: It involved preparing a 0.5 M aqueous ceria sol by use of ceria 
particles (~10 nm) involved preparing a 0.5 M aqueous ceria sol by use of ceria 
particles (~10 nm)  
For control experiments, ceria was deposited directly on a fresh Incoloy substrate 
and calcined at 550 °C to assess the importance of the α-alumina layer. This coating is 
denoted as CeO2-Incoloy. Another control experiment involved synthesizing a α-alumina 
coating without the ceria layer on Incoloy (α-Al2O3-Incoloy). The coatings that are 
prepared by the precursor method are named as Pre_CeO2_α-Al2O3-Incoloy whereas the 
ones prepared by the sol gel method were called as SG_ CeO2_α-Al2O3-Incoloy. An 
oxidized Incoloy sample was prepared as a sample that had undergone the same thermal 
treatment before coke oxidation evaluation as the CeO2_α-Al2O3-Incoloy coatings. An 
unsupported ceria film was synthesized by the sol-gel method to investigate the effect of 




5.2.3 Material Characterization 
Catalyst samples were characterized by X-ray diffraction, scanning electron 
microscopy, energy dispersive spectroscopy. The powders were characterized by X-ray 
diffraction (XRD) using Cu K α radiation. The instrument was operated at 40 mA and 
coated substrate samples were attached to the sample holder with the help of a tape. For 
SEM measurements, the Incoloy substrate was placed on the mounts with the help of  
carbon tape. Gold sputtering of 60 s was done on the sample before observing it under the 
microscope. SEM and EDS measurements were carried out on LEO 1530 thermally-
assisted field emission scanning electron microscope, with an acceleration voltage of 10 
kV, in the Center for Nanostructure Characterization, Georgia Institute of Technology. 
5.2.4 Coking and Decoking Experiments 
For in-situ coke deposition, the uncoated or coated Incoloy 800 substrate was 
placed in the measurement holder of the custom made NETZSCH TGA furnace. The TGA 
furnace was then heated to 800 °C in helium flow. Coking experiments were limited to 800 
°C due to the thermal stability limit of the substrate. Once the desired temperature was 
reached, 2 mol% ethylene in helium was introduced into the system for 6 h. The reaction 
time was chosen to be 6 h to have a measurable amount of coke being deposited on the 
substrate. After 6 h, the ethylene flow was stopped and the furnace was allowed to cool 
while under helium flow. The coking rate and the amount of coke deposited were measured 
by the TGA. Coke deposited on the measurement head was removed completely prior to 
oxidation of the coked substrate, by temperature programmed oxidation in air up to 800 
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°C. Coke deposited on the substrate was oxidized after every cycle before the next coking 
cycle began. 
5.3 Results and Discussion 
5.3.1 Material Characterization 
 
Figure 5.1 Visual inspection of CeO2 coatings prepared by precursor and sol-gel 
methods 
A visual inspection of the samples coated by two different methods was done to 
look for defects in the film. Figure 5.1a shows an image of pieces of the ceria coated on 
top of the α-alumina layer by the cerium nitrate method. Significant flaking was observed 
on the samples made by the nitrate method where the coating was detached from the 
substrate, causing exposure of the substrate to the reactive gases. Figure 5.1b shows two 
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sample pieces of the ceria coated by the sol-gel method. Sol-gel method resulted in 
negligible flaking of the coating.  
Figure 5.2 shows the SEM image of ceria coated on top of α-alumina using the 
nitrate precursor method. As illustrated, the coating was not smooth and the appearance 
was similar to the α-alumina coatings alone. The particles were quite large and passage of 
hydrocarbon molecules through them was quite plausible. In contrast, the particles of the 
coating made by sol-gel method were smaller in size. Figure 5.3 shows SEM image ceria 
coated using the sol-gel method on top of the α-alumina layer. The coating was also cracked 
and the crack was of the width of ~ 100 nm. 
 




Figure 5.3 SEM analysis of SG_CeO2-α-Al2O3-Incoloy coating synthesized by the 
sol-gel method 
XRD pattern for the various substrates and coatings before the coking experiments 
is displayed in Figure 5.4. Bare Incoloy without pre-treatment showed two sharp peaks at 
44° and 52°. When the Incoloy substrate undergoes oxidation to the same extent as the α-
alumina coated layer, the XRD pattern was maintained and no changes were observed. An 
α-alumina coated Incoloy substrate showed peaks of α-alumina at 26°, 35° and 57° as well 
as the substrate peaks. When ceria was coated on top of the α-alumina layer with cerium 
nitrate as the precursor, a sharp peak at 28° was observed which is the 111 peak of CeO2. 
The XRD pattern of the coating prepared by the sol-gel method gives a much broader peak 
at 28° indicating smaller CeO2 particles as compared to the nitrate method.    
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Figure 5.4 XRD pattern of substrate with or without coatings 
Elemental mapping was done on the α-Al2O3 coating to understand the distribution 
of different metals in the coating and the substrate and is displayed in Figure 5.5. A 
significant concentration of Al was found in the coating which was expected. The coating 
itself was ~ 6 – 7 μm thick. The mapping of Cr showed large concentration in the coating 
too indicating diffusion of Cr from the substrate to the α-alumina coating during the 
calcination process. Most of the Fe was restricted to the substrate and no diffusion was 
observed. A small concentration of Ni was also seen in the coating, implying some 
diffusion for Ni atoms too. 
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Figure 5.5 Elemental mapping of α-Al2O3-Incoloy coating using SEM-EDS 
5.3.2 Coke Formation on Coatings 
The aim of the coatings is to not only help in the oxidative removal of coke but also 
in minimizing coke formation. Hence, coking studies were performed on various coated 
and uncoated substrates to investigate the ability of the coatings to reduce coke formation.  
5.3.2.1 Coking Studies on Bare Incoloy Substrate 
Figure 5.6 shows scanning electron microscopy (SEM) images of the fresh Incoloy 




Figure 5.6 SEM analysis of fresh Incoloy800 substrate 
The catalytic coke formed on the Incoloy after 25 min of the fourth coking cycle 
was observed under SEM. Two different regions were analysed on the substrate. Figure 
5.7a shows smaller filaments formed and some particles. Figure 5.7b shows larger 
formation of carbon filaments. This filamentous coke formation is consistent with the 
previous knowledge of the morphology of catalytic coke as described in Section 1.2.1.  
 
Figure 5.7 SEM analysis of coke formed on bare Incoloy substrate after 25 min of 
coking 
Two points shown the in the figures on the coke species formed on bare Incoloy 
substrate without coating, were analysed for their elemental content using energy-
dispersive X-ray spectroscopy (EDS) to provide a better understanding of the species 
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present. Table 5-1 provides the metallic, oxygen and carbon content for these two points. 
Point A constituted significant O, Cr and Mn. This could be attributed to the formation of 
chromia scales on the surface due to the diffusion of chromium from the bulk of the 
substrate to the surface. The high amount of oxygen could be due to the presence of metal 
oxides like chromium oxide, manganese oxide, iron oxide, nickel oxide, or due to the 
surface carbon oxygen complexes. Point B, which is a point on the filamentous coke, 
showed a large amount of carbon, as expected.  
Table 5-1 Elemental analysis of different coke species formed on bare Incoloy 
substrate after 25 min of coking 
Element (%) Point A Point B 
C 2.31±0.71 74.96±2.38 
O 64.78±4.72 17.07±1.35 
Cr 18.59±0.93 0.30±0.15 
Mn 10.83±3.10 0.46±0.16 
Fe 1.78±0.46 4.33±0.57 
Ni 0.35±0.05 1.84±0.59 
Ti 1.23±0.42 0.65±0.04 
5.3.2.2 Coking Studies on Oxidized Incoloy 
Coke deposited on oxidized Incoloy 800 for a period of 6 h over a period of four 
cycles is displayed in Figure 5.8. The value in the parentheses gives the coke deposited x 
10-4 per mg of coupon.  As seen in the data, in the initial stage of coking up to 50 min, the 
coking rate was quite high. This rate also increased with every cycle. This behaviour is 
representative of catalytic coking, which takes place due to the exposed metallic species in 
the Incoloy 800 substrate. After the catalytic coking phase the metallic species were 
blocked and most of the coke that was formed was radical in nature and deposited at a rate 
that was linear in time. 
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 Cycle 1 (2.5)
 Cycle 2 (3.3)
 Cycle 3 (3.9)
 Cycle 4 (5.3)
 
Figure 5.8 TG curves for coke deposition cycles on oxidized Incoloy substrate 
 
Figure 5.9 SEM analysis of oxidized Incoloy substrate a) before coking and b) after 
coking 
Figure 5.9a shows SEM analysis of the fresh oxidized Incoloy substrate. A lot of 
large particles can be observed on the surface, which appear like metal oxide scales formed 
during the oxidation of the substrate. After four coking cycles (Figure 5.9b), smaller 
particles were seen on top of the scales. These particles were probably the coke particles 
deposited during the coking cycle. 
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Figure 5.10 XRD pattern for oxidized Incoloy substrate before and after coking 
cycles 
In the XRD patterns for the oxidized Incoloy before and after coking and decoking 
cycles Figure 5.10, all the three peaks correspond to the Incoloy substrate. After coking 
cycles, the ratio of the peaks A and B changed indicating a change in the orientation of the 
crystal planes due to the thermal treatment during the coking cycle.   
5.3.2.3 Coking Studies on α-Al2O3-Incoloy 
































 Cycle 1 (3.5)
 Cycle 2 (3.2)
 Cycle 3 (3.6)
 
Figure 5.11 TG curves for coke deposition cycles on α-Al2O3-Incoloy substrate 
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Figure 5.11 shows the coking cycles for the α-Al2O3-Incoloy substrate. As can be 
seen, the catalytic coking in the initial part of the coking experiment was minimal, 
indicating the α-Al2O3 layer acted as a barrier between the hydrocarbon gas and the metallic 
species in the Incoloy. After three cycles, the catalytic coking slightly increased but it was 
still less than that observed on oxidized Incoloy.  
 
Figure 5.12 SEM analysis of α-Al2O3-Incoloy coating a) before and b) after coking 
cycles 
As shown in Figure 5.12a, the coating looks quite uniform on the freshly coated α-
alumina layer on top of the Incoloy 800. Evidently, the coating was not fully continuous 
and intergrown, and individual particles can be seen in the figure. Hence, the coating might 
not be a perfect barrier to stop the hydrocarbon gases from reaching the Incoloy surface 
and causing carburization. Figure 5.12b shows the SEM image of the α-Al2O3 layer after 
being exposed to coking cycles. The particles grew larger after the coking cycle due to the 
exposure to high temperature for a prolonged period of time. 
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Figure 5.13 XRD pattern for α-Al2O3-Incoloy coating before and after coking cycles 
Figure 5.13 displays the effect of coking cycles on the crystalline nature of the α-
Al2O3-Incoloy coatings. Similar to the oxidized Incoloy tests, a change in the crystallinity 
of the substrate was seen after exposure to coking cycles. The peak ratio of the 44° and 75° 
peaks changed but the trend was opposite to that observed in oxidized Incoloy. This 
behaviour suggests some influence from the α-alumina coating on the crystallinity of the 
substrate. 
5.3.2.4 Coking Studies on SG_CeO2-Al2O3-Incoloy 
Figure 5.14 shows the coke deposited on SG_CeO2-α-Al2O3-Incoloy for a period 
of 6 h over a period of four cycles. The value in the parentheses gives the coke deposited 
per 10-4 mg of coupon.  As seen, in the initial stage of coking up to 50 min, the coking rate 
was almost the same as the rate later on in the process. This behaviour implies the 
minimization of catalytic coking in the presence of the ceria coating. After four cycles, a 
smaller amount of coke was deposited on the coated substrate (3.1) than on the uncoated 
one (5.3). Hence, the coating not only helped in minimizing catalytic coking but it also 
 129 
helped in lowering the total amount of coke deposited. This activity can help in prolonging 
the lifetime of a hypothetical cracking tube. 
































 Cycle 1 (3.8)
 Cycle 2 (2.6)
 Cycle 3 (3.1)
 Cycle 4 (3.1)
 
Figure 5.14 TG curves for coke deposition cycles on SG_ CeO2-α-Al2O3-Incoloy 
To understand the importance of the ceria layer on the coke deposition, a coking 
study was carried out with and without a ceria coating. After three coking cycles, the 
amount of coke deposited on the ceria coated substrate was slightly lower than the α-
alumina coated substrate, as observed in Figure 5.15. This observation might be attributed 
to the ability of ceria to release oxygen to the coke for oxidation. Due to the large amount 
of time taken by the coking and decoking cycles, this cycling study was limited to one run. 
Hence, the obtained result may or may not be statistically significant. For reliable results, 
further analysis of this effect is necessary by repeating the runs.   
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Figure 5.15 TG curves for comparison of coke deposition with and without ceria 
layer 
The coke that was deposited on the SG_CeO2-α-Al2O3-Incoloy was analyzed using 
SEM again at two different regions of the substrate. Figure 5.16a shows the rupture of the 
coating where catalytic filamentous coke appeared to have built up in a crack due to the 
exposure of the metallic species underneath the coating. Figure 5.16b shows another region 
where cracks were present on the coating. Comparing this to the analysis of the fresh 
coating, not much difference was observed. This is mostly because of the absence of high 
amounts of catalytic coke.  
 
Figure 5.16 SEM analysis of coke deposited on SG_CeO2-α-Al2O3-Incoloy coating 
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Figure 5.17 XRD pattern of SG_CeO2-α-Al2O3-Incoloy coating before and after 
coking cycles 
When XRD analysis was performed on SG_CeO2-α-Al2O3-Incoloy coating, the 
ceria 111 peak at 28° showed a sharper peak after the coking cycle as compared to the 
freshly coated sample (Figure 5.17). Due to the high temperature exposure the ceria 
particles in the coating sintered leading to growth of the particles. There was a change in 
the intensities of the peaks related to the substrate, an observation similar to what was 
observed previously with the oxidized and α-alumina coated substrates 
5.3.2.5 Elemental Analysis of Various Substrates with and without Coating 
Table 5-2 provides the elemental percentages for different cases of the substrate 
with coatings. Since EDS is a surface technique, the values represent the phenomena 
happening on the surface alone and the results should be interpreted in a similar way. The 
bare Incoloy substrate showed a high amount of Cr, Fe and Ni on the surface, as expected. 
When the Incoloy was oxidized under the same conditions as the ceria and α-alumina 
coated Incoloy, the amount of Cr increased ~ 4 times. This is attributed to the diffusion of 
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Cr to the Incoloy surface and forming chromia scales which are known to help in reducing 
carbonization of the substrate.40,41 
Table 5-2 Elemental analysis of substrates with or without coatings 
Substrate Al Ti Cr Fe Ni Ce 
Incoloy 3.8±0.7 0.9±0.7 19.8±0.6 43.7±0.8 31.7±0.6 - 
Oxidized_Incoloy 4.0±0.5 2.5±0.3 68.7±2.8 20.8±4.0 4.0±2.1 - 
Oxidized_Incoloy 
4th cycle 
2.6±0.6 2.8±2.7 83.8±3.5 7.7±2.0 3.1±0.7 - 
CeO
2


































Incoloy, 4th cycle 
43.7±1.2 0.2±0.2 2.6±0.5 3.1±0.1 2.6±0.7 47.9±1.3 
  After the end of the fourth cycle the Cr concentration on the surface increased 
even more indicating more diffusion of the Cr. When ceria was coated directly on Incoloy, 
some amount of Cr was still present on the surface, denoting that the ceria coating was not 
uniform and continuous. There was also a greenish layer seen on the ceria coated Incoloy, 
which could be related to the formation of chromium oxides. On the other hand, when α-
alumina was coated directly on Incoloy, a negligible amount of Cr was detected on the 
surface, implying complete coverage of the Incoloy surface with the coating. This is the 
reason that after fourth cycle the Cr amount remained negligible for the α-alumina coating 
while the Cr diffused towards the surface of the ceria coating, causing the Cr content to 
increase. Although the α-alumina was not crack-free, it was effective in minimizing the Cr 
diffusion towards the ceria layer. When ceria was coated on top of the α-alumina layer, 
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insignificant amounts of Cr were observed on the surface, indicating hindered diffusion of 
Cr atoms. 
5.3.2.6 Importance of α-Alumina as the Buffer Layer 






































Figure 5.18 TG curves for comparison of coke deposition with and without α-
alumina layer 
Coking tests for ceria coatings on Incoloy with and without α-alumina are shown 
by the TG curves in Figure 5.18. As observed, the presence of α-alumina minimized 
catalytic coking in the region t = 0 to 50 min. This catalytic coking was significantly higher 
in the absence of the α-alumina layer. This could be attributed to the large amount of metal 
content on the surface of the CeO2-Incoloy as stated in Table 5-2. 
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Figure 5.19 SEM analysis of SG_CeO2-Al2O3-Incoloy coating 1) before and 2) after 
coking 
Scale formation was observed on the CeO2-Incoloy surface when α-alumina was 
not used as a buffer layer, as displayed in the SEM analysis in Figure 5.19. As compared 
to the SG_CeO2-Al2O3-Incoloy, larger gaps were seen among the particles indicating a lack 
of continuity. 




























Figure 5.20 XRD pattern for CeO2-Incoloy coating before and after coking 
As shown in Figure 5.20, after cycling the XRD patterns revealed increase in 
crystallite size of the ceria particles on the CeO2-Incoloy coating implying sintering of the 
coating due to exposure to a high temperature treatment. As expected, the peak ratio of the 
two sharp peaks of the substrate also changed after the coking cycle. 
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5.3.3 Catalytic Activity of Coatings towards Coke Oxidation 
5.3.3.1 Oxidized Incoloy 
 
Figure 5.21 TPO curves for coke deposited on oxidized Incoloy 
The oxidative capability of the coke deposited on the oxidized Incoloy substrate 
was assessed by temperature programmed oxidation experiments in the presence of air. 
Figure 5.21a shows the weight loss of coke with respect to temperature, which can be used 
to measure the amount of coke lost during oxidation. As seen in Figure 5.21a, the amount 
(mg) of coke oxidized after every cycle changed because a different amount of coke was 
deposited in every cycle. The mass of coke oxidized actually increased with every cycle. 
This behaviour could be attributed to two things: 1) more catalytic coke was formed with 
every cycle as shown earlier in Figure 5.8 and catalytic coke is easier to oxidize as 
compared to radical coke, 2) catalytic coke is formed due to exposure of metallic species 
that can also help catalyse coke oxidation, hence increase in coke oxidation rate. 
Figure 5.21b gives the derivative of weight loss with respect to temperature, which 
tells the peak oxidation temperature needed to compare the oxidation activity over different 
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cycles. The coke was oxidized at ~ 560 °C during the decoking cycle (see Figure 5.21b). 
With every decoking cycle, the peak oxidation temperature also remained the same. This 
indicates no major degradation of the oxidized Incoloy substrate took place over a total of 
four coking and decoking cycles. 
5.3.3.2 α-Al2O3-Incoloy 
Figure 5.22a shows the weight loss curve for the coke deposited on the alumina 
coated Incoloy substrate. The amount (mg) of coke oxidized after every cycle remained the 
same for the α-alumina coating (see Figure 5.22a). This might be attributed to the same 
mass of coke deposited in every cycle as shown earlier in Figure 5.11.  
The derivative of mass loss with respect to temperature is shown in Figure 5.22b. 
It is used to measure the peak oxidation temperature of coke after every cycle. The coke 
deposited on the α-alumina coated Incoloy oxidized at ~ 510 °C during the decoking cycle, 
which was 50 °C less than the peak oxidation temperature of the oxidized Incoloy 
temperature (Figure 5.21b). The peak of the oxidation DTG curve became broader with 
every cycle, indicating possible deterioration of the α-alumina coating. 
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Figure 5.22 TPO curves for coke oxidation on α-Al2O3-Incoloy 
5.3.3.3 CeO2-α-Al2O3-Incoloy 
 
Figure 5.23 TPO curves for coke oxidation on SG_CeO2-α-Al2O3-Incoloy 
Similar to the previous two sections, the weight loss curve and the derivative of the 
weight loss for coke deposited on the SG_CeO2-α-Al2O3-Incoloy were measured. Figure 
5.23a shows the weight loss curve with respect to temperature. Similar to the α-alumina 
coating, the amount (mg) of coke oxidized after every cycle was the same for the SG_CeO2-
α-Al2O3 coating (Figure 5.23a). 
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The derivative of mass loss is shown in Figure 5.23b. The coke deposited on 
SG_CeO2-α-Al2O3-Incoloy oxidized at ~ 400 °C during the decoking cycle, which was 160 
°C less than the oxidized Incoloy peak oxidation temperature (Figure 5.23b). This 
decreased temperature is likely due to the high catalytic activity of ceria. The peak of the 
derivative of mass loss curves in Figure 5.23b shifted to the right with every cycle 
suggesting deterioration of the ceria coating which decreased the redox capability of ceria. 
This deterioration was shown earlier in Figure 5.17, in the form of sintered ceria particles 
after high temperature treatment during multiple coking and decoking cycles. 
5.3.3.4 Comparison of Activity of Different Coatings 
































Figure 5.24 Comparison of peak oxidation temperature for various coatings 
As we saw earlier, the SG_CeO2-α-Al2O3-Incoloy coating showed the best catalytic 
activity by reducing the peak oxidation temperature of coke by 160 °C as compared to the 
Incoloy-substrate without coating. To understand the importance of the different 
components of the coating, it is important to compare the oxidation activities of the 
substrate with and without the individual components. Figure 5.24 compares the derivative 
 139 
of the mass loss for these different cases. When the α-alumina buffer layer was absent 
(CeO2-Incoloy), the coke oxidation temperature was more than that for the oxidized 
Incoloy case (Figure 5.24). This could be attributed to the formation of ceria chromate 
species, which blocked the release of oxygen from the ceria matrix and hence reduced its 
catalytic activity. These chromate species may also block access to the metallic sites, which 
can help in oxidizing coke. Thus the importance of the alumina layer is clear. 
When an unsupported film of CeO2 was prepared, the peak oxidation temperature 
was the same as the supported CeO2-Al2O3-Incoloy coating, indicating no interaction 
between CeO2 and Incoloy took place when α-Al2O3 was present as a median layer. Thus 
the presence of both ceria and alumina is essential for the high coke oxidation activity for 
the coatings.   
5.4 Conclusions 
Catalytic CeO2 coatings were successfully synthesized on an Incoloy800 substrate. 
A sol-gel preparation method gave smaller particles of CeO2 as well as negligible flaking 
as compared to the precursor method of preparation. A buffer layer of α-alumina was found 
to be essential to hold Cr atoms that might diffuse from the metallic substrate in place and 
stop them from diffusing into the active ceria layer. When Cr diffused into the ceria layer 
it reduced the activity of the ceria catalyst. No difference was found in the activity of the 
supported CeO2 layer and the unsupported CeO2 film, indicating negligible interaction 
between the coated ceria layer and the Incoloy substrate due to the presence of the 
intermediate alumina layer. The ceria layer was necessary to reduce the peak oxidation 
temperature of the coke by almost 160 °C as compared to the oxidized Incoloy substrate. 
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Along with reduction of the oxidation temperature, the coating also minimized catalytic 
coking by acting as a barrier and blocking access of much of the hydrocarbon molecules to 
the metallic sites. Some deterioration was observed in the ceria coating after four coking 
and decoking cycles, which increased the oxidation temperature by 10 °C. While the 
coatings are not perfectly continuous, the data demonstrate that even defective CeO2-Al2O3 
coatings give greatly enhanced coke reduction capabilities.  
  
 141 
CHAPTER 6. SUMMARY AND FUTURE WORK 
6.1 Key Contributions of this Work 
This work focuses on being able to develop a methodology to minimize coke 
formation and reducing the oxidation temperature during decoking, in the steam cracking 
application. Specifically, the work involves forming radical coke species and also 
developing ceria catalysts that help in reducing the oxidation temperature of coke species 
in the presence of air as well as reducing the steam gasification temperature in presence of 
steam.  
The key contributions of this work are: 
CHAPTER 1:   An extremely comprehensive review of the types of carbon deposits, 
their mechanism of formation and the different types of catalysts used for oxidation of 
carbonaceous deposits was published. Along with the regular qualitative comparison of the 
catalysts, a quantitative comparison was done by calculating the reaction rates of these 
catalysts under varied operating conditions. This review would be useful for future 
researchers to screen catalysts easily based on the reaction rates for their given application. 
CHAPTER 2: A detailed in-situ methodology was developed for forming radical 
coke deposits directly on the catalytic supports and thus improving the coke-catalyst 
contact. This method provided a better representation of the coke catalyst contact than the 
physical mixtures or the tight contact method. Thermally aging the coke species increased 
the hardness of the coke. 
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CHAPTER 3: α-alumina supported ceria catalysts were highly active for coke 
oxidation as compared to bulk ceria. 50 mol% Ce catalyst showed activity four times more 
than the uncatalyzed coke oxidation at 500 °C. Ceria and α-alumina did not show any 
interactions implying presence on independent ceria domains on α-alumina surface. In-situ 
coke – catalyst contact showed similar mechanism of action as tight contact. A mechanism 
involving surface lattice active adsorbed oxygen species causing oxidation of coke particles 
was proposed. 
CHAPTER 4: Doped (10 mol%) ceria catalysts with Gd, Mn and Sr as the dopants 
showed very high activity towards steam gasification of industrial coke. A reduction of ~ 
65 °C was observed in the steam gasification temperature as compared to the uncatalyzed 
gasification with Gd. Gd and Mn also aided in the coke oxidation reaction using air while 
Sr proved to be a deterrent in the presence of air. Steam gasification was much slower as 
compared to air oxidation and the difference of peak temperature between them was ~ 200 
°C. 
CHAPTER 5: Catalytic coatings of ceria and α-alumina were successfully prepared 
on the metallic substrate of Incoloy 800 (an alloy of Ni, Fe, Cr). The α-alumina layer 
between the ceria and Incoloy layer was essential to minimize the chromium diffusion on 
the surface, which can potentially reduce the catalytic activity of ceria by forming inactive 
chromium oxides. A reduction of ~ 160 °C in the peak oxidation temperature of coke was 
achieved by the ceria coating as compared to the uncoated substrate.   
6.2 Future Work 
Potential directions in which this work can be continued are: 
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1) New alloys as substrate: Selection of new alloys that are stable up to 1100 °C would be 
important for obtaining data that is useful for high temperature industrial applications. 
The current study deals with coking studies at 800 °C due to the limitation on the 
stability of the substrate. The synthesis method of coatings will need tweaking to be 
stable at higher temperatures. The other important factor that can have a great effect on 
the stability of the coatings is the coefficient of thermal expansion (TEC). This factor 
can be changed by changing the composition of the substrate by having an Al, Cr or Ni 
rich alloy. These new alloys can be investigated for their effect on coking and decoking 
performance to have a better idea of the dependence of TECs on catalytic activity and 
stability. 
2) Novel dopants: This work on coating synthesis focused on undoped ceria coatings. The 
next step would be to introduce dopants in the ceria matrix and then evaluate their 
performance and stability for both coke resistance and oxidation. Introduction of 
zirconia as a buffer layer could also be a potential way of minimizing catalytic coating 
and due to the different coefficient of thermal expansion, surface area, OSC, as 
compared to α-alumina, the activity observed might be different in the two cases. 
3) Characterize coatings to determine thickness of the coating, extent of cracking, particle 
size, by use of novel techniques like TOF-SIMS, SEM, TEM-FIB. 
4) Evaluating the coatings in the presence of steam: Since steam will be present in huge 
amounts during the coking as well as the decoking phase, it is important to test the 
activity and stability of the catalytic coatings in the presence of steam as well as steam 
– air mixtures. Presence of steam can also affect the morphology of the coatings and 
hence the activity.  
 144 
5) Accelerated deactivation tests: Performing accelerated deactivation testing of coatings 
in the presence of steam - air mixtures, will help in studying the stability of the coatings 
over long time. The oxidation activity as well as the morphology of the coatings can be 
the important evaluations in determining the effect of the harsh conditions. This can 
help in prediction of life cycle of the cracking furnaces and can be the key to develop 
better coatings. 
6) Develop a surrogate reaction for steam gasification of coke: To investigate the 
mechanism of carbon gasification in the presence of steam, a surrogate reaction of 
steam reforming of hydrocarbons, which mimic the H/C ratio of the industrial coke, 
will be studied. Tetralin, which contains both aliphatic (soft) and aromatic (hard) 
components, may act as a good model hydrocarbon to represent the carbon deposits 
formed during the initial stage of coking in the industrial furnaces. Extensive literature 
exists for reforming of tar as well as aromatic hydrocarbons (like benzene, toluene, 
naphthalene) on Ni catalysts (~500 articles).   In contrast, very few studies have 
explored doped ceria catalysts (~ 50 articles) and none with coatings for steam 
reforming. The following directions can be taken: 
a. Conduct steam reforming of tetralin in a flow reactor, in the presence and 
absence of catalytic powders, measure the off gases using a GC-MS and 
determine any activity correlation to the coke gasification reaction (conducted 
in NETZSCH TGA) 
b. Dope ceria powders with alkali, transition and rare earth elements and assess 
reactivity  
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c. Investigate the reaction pathways for ceria catalyzed carbon gasification by 
characterizing catalysts with EXAFS, chemisorption, Raman spectroscopy, etc. 
  
 146 
APPENDIX A. KINETICS OF COKE FORMATION 
 This appendix gives the details for the coking experiments and its kinetics.  
A.1  Size and Shape of TGA Measuring Cup 
As described in the chapter 2, the coking of supports was done in a measuring cup as 
shown in . The catalytic powder was measured in the cup, which was placed in the furnace. 
At high temperatures when hydrocarbon was passed on this sample cup, coke was formed 
on the cup as well as the catalytic powder. To remove the effect of the coke deposited on 
the cup, the catalytic support was taken out of the cup and an oxidation cycle was carried 
out on the empty coked cup. This cycle combusted all coke deposited on the cup and further 
analysis of the coked catalytic support was then carried out. 
 




A.2  Coke Formation Curve 
 Figure A2 TG profiles for coke deposition on 100 mg synthesized γ-alumina at 950 
°C, 1 h shows a typical TGA coking curve. The coking is quite linear in time and when 
repeated is quite reproducible. The linear nature of the curve also denotes that coking is 
independent of any catalytic action. Catalytic coking seems to taper off with time as the 
catalytic sites are blocked due to coke formation. 
 
Figure A2 TG profiles for coke deposition on 100 mg synthesized γ-alumina at 950 
°C, 1 h 
A.3  Kinetics of Coke Formation in TGA 
Table A1 and Table A2 give data for calculating the reaction order and activation 
energy for coke formation in the TGA, respectively. The values in these tables were plotted 
(Figure A3, Figure A4 and Figure A5) and the slope of the line was used to calculate the 
kinetic parameters. Separate analysis for reaction order was done for ethylene and 
propylene and an approximate value of 1 was obtained, denoting the radical nature of coke 
formation. The activation energy was found to be 91 kJ mol-1. This energy is in the range 
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of energies for radical reactions to take place as shown in Table A3. It can be inferred from 
this observation that the coke formed in the TGA at high temperature is predominantly due 
to the radical reactions. 
Table A1 Parameters for estimating reaction order for coke deposition using 
ethylene 




Table A2 Parameters for estimating activation energy 










Figure A4 Reaction order analysis for propylene for coke deposition on α-alumina 
 







Table A3 Activation energies of radical reactions for coking 
Reaction forming coke Activation energy 
(kJ/mol) 
C4
+ → coke 1181 
H abstraction at benzene site  79.62 
H abstraction at naphthalene site 81.82 
H abstraction at anthracene site 84.62 
H abstraction at phenanthrene 
site 
85.92 
Addition of allylic radical to 
ethene 
70.53 
Addition of 1-methyl 
naphthanyl radical to ethene 
70.13 
Addition of 9-methylanthracene 






APPENDIX B. EXAFS DATA FOR DOPED CERIA CATALYSTS 
This appendix gives details EXAFS fitting for the undoped and doped ceria 
catalysts that were prepared by the one-pot synthesis.  
 
Figure B1 EXAFS fitting for standard CeO2 sample 
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Figure B2 EXAFS fitting for CeAl catalyst 
 
Figure B3 EXAFS fitting for 10GdCeAl catalyst 
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Figure B4 EXAFS fitting for 10SrCeAl catalyst 
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